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PREFACE 


Due  to  investigations,  both  analytical  and  experimental,  that 
have  been  made  in  recent  years  of  the  properties  of  masonry 
materials,  the  forces  to  which  masonry  structures  are  subjected, 
and  the  behavior  of  such  structures,  masonry  design  and  con- 
struction have  largely  passed  from  the  status  of  an  art  to  that  of  a 
science,  much  as  did  bridge  design  after  the  invention  of  methods 
for  calculating  stresses  in  truss  members.  The  extensive  use  of 
concrete  with  the  studies  that  have  been  made  to  improve  its 
quality  and  to  secure  economy  in  its  use,  and  the  development 
of  reinforced  concrete,  a  masonry  material  capable  of  sustaining 
tensile  strains  and  requiring  a  stress  analysis  in  order  to  propor- 
tion the  steel,  have  contributed  largely  to  this  changed  status  in 
the  design  of  masonry  structures.  This  scientific  understanding 
of  masonry  design  has  widened  the  use  of  masonry  to  include 
many  structures  for  which  other  materials  formerly  were  used 
exclusively,  although  for  the  most  part,  notwithstanding  their 
diversity,  these  structures  can  be  grouped  about  a  comparatively 
few  representative  types. 

The  soft  and  pleasing  hues  and  outlines  of  masonry  structures 
as  well  as  their  durability  have  appealed  to  builders  from  time 
immemorial,  and  masonry  still  offers  the  best  means  of  building 
artistically  and  strongly  with  the  economy  that  results  from 
permanence.  Moreover,  there  is  an  increasing  demand  in  the 
design  of  engineering  structures  to  secure  not  only  stability  and 
economy  but  something  of  elegance,  grace  and  beauty  in  addition. 
Since  good  architectural  treatment  can  be  secured  with  but  slight 
if  any  increase  in  the  cost,  it  is  appropriate  that  this  phase  of 
design  should  be  given  special  attention  in  planning  masonry 
structures. 

The  present  volume  was  prepared  with  a  view  to  furnishing  a 
textbook  embodying  these  ideas.  An  attempt  has  been  made  to 
offer  a  mode  of  analyzing  forces  and  calculating  resulting  stresses 
and  to  indicate  an  acceptable  method  of  design.  Extended 
discussion  of  moot  questions  and  of  variations  in  design  are 
purposely  avoided  with  the  belief  that  these  are  of  interest  to  the 
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practicing  engineer  rather  than  of  use  in  the  class  room.  An 
effort  has  been  made  to  keep  in  mind  the  aesthetic  features  of 
design  in  the  selection  of  illustrative  examples  and  to  mention 
briefly  the  underlying  principles  of  good  architectural  treatment 
whenever  they  could  be  formulated,  although  no  more  could  be 
accomplished  in  this  direction,  perhaps,  than  to  call  attention  to 
the  desirability  of  giving  thought  to  this  important  phase  of 
design. 

A  knowledge  of  mechanics  on  the  part  of  the  reader  is  assumed. 
No  attempt  was  made  to  treat  reinforced  concrete  completely,  the 
brief  chapter  on  this  topic  being  for  reference  and  to  provide  for 
those  readers  who  have  not  previously  pursued  a  course  in  this 
subject.  The  study  of  the  design  of  masonry  structures  should 
preferably  be  preceded  by  a  course  in  the  mechanics  of  reinforced 
concrete. 

A  brief  historical  review  of  masonry  materials  and  construction 
was  included  with  some  recent  patent  litigation  in  mind  as  well  as 
for  its  intrinsic  interest.  It  is  believed  that  the  chapter  on  built 
up  masonry  and  the  one  on  plain  concrete  will  serve  to  give  the 
student  the  essential  facts  and  principles  involved,  although  the 
treatment  is  brief  in  each  case.  The  consideration  of  foundations 
was  reserved  until  after  the  loads  that  the  superstructures 
transmit  to  the  foundations  had  been  studied.  The  arrangement 
and  also  the  material  included  are  the  result  of  several  years 
teaching  the  subject  as  well  as  some  years  practical  experience  in 
design  and  construction. 

Lawrence,  Kan.  c.  c.  w. 

January,  1922. 
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DESIGN  OF  MASONRY  STRUCTURES 
AND  FOUNDATIONS 

CHAPTER  I 
GENERAL  PRINCIPLES 

Introduction. — Masonry  structures  are  those  built  of  stone,  or 
of  stone-like  (petrous),  materials.  In  a  primitive  form,  they 
were  among  the  earliest  types  of  structures  erected  by  man,  and 
the  development  from  the  earliest  and  crudest  dolmens  to  the 
magnificent  masonry  edifices  and  bridges  of  the  present  day  has 
been  one  of  slow  stages. 

The  enduring  character  of  masonry  structures,  the  relative 
simplicity  of  the  processes  involved,  the  pleasing  outlines  usually 
obtained,  together  with  the  almost  universal  availability  of  the 
materials  and  the  consequent  moderate  cost,  render  masonry 
construction  one  of  the  most  important  of  the  civil  engineer's 
activities.  Moreover,  the  importance  of  masonry  construction 
is  likely  to  be  enhanced  in  the  future  by  the  growing  scarcity  of 
other  structural  materials,  notably  steel  and  timber,  and  the 
fact  that  the  ingredients  of  concrete  are  almost  unlimited  in  their 
raw  state. 

The  processes  involved  directly  in  the  design  of  masonry 
structures  require  a  familiarity  with  the  properties  of  masonry 
materials  and  the  behavior  of  the  structural  elements  to  be  used, 
a  knowledge  of  the  loads  to  be  imposed,  the  stresses  induced 
thereby  and  the  method  of  proportioning  the  parts,  and  judgment 
in  the  principles  of  good  architectural  form. 

The  choice  of  type  of  structure,  like  reconnaissance  for  a 
railroad  or  an  irrigation  project,  is  of  fundamental  importance 
and  requires  the  exercise  of  the  engineer's  best  judgment,  whereas, 
after  the  choice  is  made,  the  remainder  of  the  design  is  largely 
based  on  fixed  laws  of  mechanics  and  of  costs.  It  will  frequently 
happen,  of  course,  that  the  choice  of  type  cannot  be  made  until 
after  a  detailed  study  of  the  relative  stability,  adequacy  and  costs 
of  several  different  types  has  been  made,  in  which  event  judgment 
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will  need  to  be  exercised  in  assigning  proper  weight  to  the  merits 
of  the  various  types  considered.  In  all  of  these  respects,  advan- 
tages of  masonry  structures  commend  this  type  of  construction 
to  the  consideration  of  the  engineer. 

Historical  Development  of  the  Elements  of  Masonry  Construc- 
tion.— Perhaps  the  earliest  elements  of  masonry  construction 
were  columns  and  slabs  of  stone.  Even  in  prehistoric  times,  the 
prototypes  of  our  masonry  structures  were  found  in  the  crude 
dolmens  and  cromlechs  of  barbarous  man.  These  consisted  of 
unshaped  stones  set  as  columns  and  partial  walls  and  covered  with 
a  slab  or  slabs  of  stone  without  any  attempt  at  attaching  one  to 
the  other.  Mortar  was,  of  course,  unknown,  but  piles  of  stone 
with  huge  natural  slabs  of  stone  spanning  the  intervals  are  to  be 
found  in  the  ruins  at  Maidstone  and  Stonehenge,  England,  and 
at  various  other  places  in  Europe.  Gradually  these  simple  ele- 
ments of  support  and  cover  were  improved. 

The  stone  masonry  column  was  used  by  practically  all  of  the 
early  peoples,  although  it  was  developed  chiefly  by  the  Greeks, 
and  the  beautiful  stone  columns  erected  by  them,  copied  in  some 
cases  doubtless  from  similar  timber  structures  and  suggested  by 
various  circumstances  of  that  time,  gave  rise  to  the  orders  of 
architecture,  the  term  "order"  referring  to  the  manner  of  propor- 
tioning and  decorating  the  column.  The  Egyptian,  copying  in 
stone  the  bulging  bundle  of  reeds  that  had  been  used  as  supports 
in  early  reed  houses,  gave  another  form  of  column. 

The  earliest  device  in  stone  construction  for  covering  or  bridging 
the  span  between  supporting  columns  was  the  stone  slab  or  beam, 
and  the  subsequent  progress  in  masonry  construction  has  resulted 
chiefly  in  man's  ability  to  improve  his  method  of  spanning  the 
interval  between  supports.  Inclined  blocks,  forming  triangular- 
headed  openings  over  doorways  and  other  spaces  were  employed 
in  many  instances.  Corbel  arches,  formed  by  laying  successive 
horizontal  layers  projecting  one  over  the  preceding  one  until  the 
apex  is  reached,  were  employed  by  the  early  Persians,  Assyrians 
and  Greeks.  This  form  of  construction  gradually  developed 
into  the  pointed  arch  and  later  into  the  true  arch,  which  was  used 
on  a  small  scale  by  these  peoples  as  well  as  by  the  Greeks.  How- 
ever, it  remained  for  the  Romans  to  contribute  the  arch  and  dome 
on  a  large  scale.  Groined,  cloister  and  other  intersection  arches 
are  the  product  of  later  Roman  builders  and  of  the  Middle  Ages. 
The  pointed  arches,  or  gables,  are  chiefly  of  the  Middle  Age  period. 
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The  Chinese  made  use  of  the  true  arch  at  a  very  early  time  also. 
Probably  the  oldest  known  arch  is  one  found  in  1893  in  the  ruins 
of  Babylonia,  the  estimated  date  of  construction  being  4000  B.C. 
It  was  constructed  of  well-baked  plano-convex  bricks  laid  as 
voussoirs  with  clay  mortar.  It  has  a  span  of  20  in.  and  a  rise 
of  13  in.,  and  is  elliptical  in  form.1 

The  practice  of  using  lime  and  lime  mortar  as  binding  agents 
for  stones  and  bricks  used  in  construction  is  of  great  antiquity, 
just  when  the  custom  began  being  unknown.  Evidences  of  the 
early  use  of  lime  mortar  may  be  observed  in  the  ruins  of  Europe, 
Asia,  Africa,  Mexico  and  Peru.  One  of  the  earliest  examples  of  the 
use  of  mortar  in  masonry  construction  is  found  in  the  Pyramids 
of  Egypt,  where  the  mortar  used  was  similar  to  that  in  use  at  the 
present  time.  That  the  Ancients  knew  nothing  of  the  essential 
character  of  lime  and  of  mortar  is  evident  from  a  perusal  of  the  ex- 
planation given  by  Vitruvius2  of  the  action  of  lime,  in  which  he  says : 

"The  reason  why  lime  makes  a  solid  structure  on  being  combined 
with  water  and  sand  seems  to  be  this:  that  rocks,  like  all  other  bodies, 
are  composed  of  four  elements.  Those  which  contain  a  larger  propor- 
tion of  air  are  soft;  of  water,  are  tough  from  the  moisture;  of  earth, 
hard;  and  of  fire,  more  brittle.  Therefore,  if  limestone,  without  being 
burned,  is  merely  pounded  up  and  mixed  with  sand  and  so  put  into  the 
work,  the  mass  does  not  solidify  nor  can  it  hold  together.  But  if  the 
stone  is  first  thrown  into  the  kiln,  it  loses  its  property  of  solidity  by 
exposure  to  the  great  heat  of  the  fire,  and  so  with  its  strength  burned 
out  and  exhausted  it  is  left  with  its  pores  open  and  empty.  Hence, 
the  moisture  and  air  in  the  body  of  the  stone  being  burned  out  and  set 
free,  and  only  a  residuum  of  heat  left  in  it,  if  the  stone  is  then  immersed 
in  water,  the  moisture,  before  the  water  can  feel  the  influence  of  the  fire, 
makes  its  way  into  the  open  pores ;  then  the  stone  begins  to  get  hot,  and 
finally,  after  it  cools  off,  the  heat  is  rejected  from  the  body  of  the  lime. 

Consequently,  limestone  when  taken  out  of  the  kiln  cannot  be  as 
heavy  as  when  it  is  thrown  in,  but  on  being  weighed,  though  its  bulk 
is  the  same  as  before,  it  is  found  to  have  lost  about  a  third  of  its  weight 
owing  to  the  boiling  out  of  the  water.  Therefore,  its  pores  being  thus 
opened  and  its  texture  rendered  loose,  it  readily  mixes  with  sand,  and 
hence,  the  two  materials  cohere  as  they  dry,  unite  with  the  rubble,  and 
make  a  solid  structure." 

1M.  A.  Howe,  "A  Treatise  on  Arches,"  p.  xiii. 

2  Marcus  Vitruvius  Pollio,  a  Roman  architect  and  engineer,  who  lived 
during  the  reign  of  Caesar  Augustus,  wrote  a  treatise  on  architecture, 
"  De  Architectural  covering  the  practice  of  that  time.  M.  H.  Morgan, 
Translation. 
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Etruscan  masonry  walls  and  other  structures  laid  at  Rome, 
Florence  and  other  Italian  cities  contemporaneously  with  Roman 
building  were  composed  of  cut  stone  masonry  without  mortar, 
this  being  a  distinguishing  characteristic  in  the  ruins  at  the 
present  time.  The  use  of  lime  mortar  was  a  decided  step  in 
advance  over  the  bedding  of  stone  in  clay,  as  had  been  the  custom 
by  many  of  the  ancient  peoples. 

The  Romans  discovered  a  way  to  improve  lime  and  to  give  it 
the  ability  to  set  up  or  harden  under  water,  and  even  manufac- 
tured an  hydraulic  cement  similar  to  the  natural  cement  of  the 
present  day.  Vitruvius,  the  foremost  architect  of  imperial  Rome 
says  in  his  Ten  Books  on  Architecture  (Book  II,  Ch.  6)  "There 
is  also  a  kind  of  powder  which  from  natural  causes  produces 
astonishing  results.  It  is  found  in  the  neighborhood  of  Baiae  and 
in  the  country  belonging  to  the  towns  about  Mt.  Vesuvius. 
This  substance,  when  mixed  with  lime  and  rubble,  not  only 
lends  strength  to  buildings  of  other  kinds,  but  even  when  piers 
of  it  are  constructed  in  the  sea,  they  set  hard  under  water." 
From  certain  formations,  chiefly  in  Tuscany,  the  Romans  ob- 
tained a  volcanic  stone  (tufa)  which,  when  calcined  and  powdered, 
made  a  natural  cement.  The  author  observed  mortar  of  this 
type  in  structures  at  Rome  erected  a  century  or  more  B.  C, 
although  the  mortar  may  have  been  placed  there  in  re-pointing. 
In  building  the  Los  Angeles  aqueduct  about  a  decade  ago,  a 
tufa  cement  was  employed,1  and  experiments  made  at  the  time 
showed  that  powdered  tufa  mixed  with  lime  gave  a  cement  that 
would  set  under  water  and  probably  resembled  the  cement  used 
by  the  Romans  of  the  Republic. 

However,  it  remained  for  John  Smeaton,  an  English  engineer, 
to  discover  in  1756  after  an  extended  series  of  experiments  that 
the  lime  made  from  the  clayey  limestone  would  harden  under 
water  and  that  a  true  hydraulic  cement  could  be  made  by  an 
argillaceous  admixture.  This  material  he  used  in  the  construc- 
tion of  the  famous  Eddystone  Lighthouse  in  1757,  which  "after 
being  buffeted  by  the  storms  of  eighty  years,  the  Eddystone 
stands  unmoved  as  the  rock  it  is  built  on,  a  proud  monument  to 
its  great  author."2  To  an  extent,  Smeaton's  exploit  was  a  redis- 
covery of  a  principle  that  was  known  in  a  measure  to  the 
Romans,  but  had  not  been  utilized  in  Western  Europe.  The 

1  Trans.  Am.  Soc.  C.  E.,  vol.  76,  p.  528. 

2  Proc.  Inst.  Civil  Engineers,  vol.  1. 
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Roman  cement  was  in  no  sense  a  "lost  art,"  for  there  has  been 
no  break  in  the  continuity  of  its  use  up  to  modern  times. 

In  1810,  Edgar  Dobbs  of  Southwick,  England,  obtained  a 
patent  for  the  manufacture  of  artificial  Roman  cement  by  mixing 
carbonate  of  lime  and  clay,  molding  into  bricks  and  burning.  In 
1813,  Vicat  began  the  manufacture  of  artificial  cement  in  France 
as  did  also  James  Frost  in  England  in  1822.  In  1824,  Joseph 
Aspdin,  a  bricklayer  of  Leeds,  took  out  a  patent  on  an  improved 
cement  by  combining  limestone  with  clay  and  then  burning  and 
grinding.  This  he  called  "Portland  Cement"  because  when  it 
hardened  it  produced  a  yellowish-gray  mass  resembling  the  stone 
from  the  famous  quarries  at  Portland,  England. 

Canvass  White,  the  engineer  in  charge  of  the  construction  of 
the  Erie  Canal,  began  the  manufacture  of  natural  cement  near 
Fayetteville,  N.  Y.  in  1818.  Later,  in  1828,  a  large  plant  was 
built  at  Rosendale,  N.  Y.  for  the  manufacture  of  this  kind  of 
cement,  and  for  a  while,  Rosendale  cement  became  synonymous 
with  natural  cement  in  America. 

Since  the  middle  of  the  last  century,  various  improvements  in 
the  processes  of  cement  manufacture  have  been  instituted  which 
have  greatly  lessened  the  cost  of  the  product,  particularly  with 
regard  to  portland  cement,  thus  rendering  hydraulic  cement  one 
of  the  most  available  building  materials.  First  England  led  in 
the  production  of  cement,  then  Germany,  but  since  the  beginning 
of  the  present  century,  the  United  States  has  surpassed  all  other 
countries. 

Perhaps  the  most  significant  development  in  masonry  construc- 
tion was  the  introduction  of  reinforced  concrete,  by  which 
masonry  could  be  made  to  withstand  tensile  stresses  comparable 
with  its  compressive  strength.  The  first  authentic  record  of  the 
use  of  reinforced  concrete  was  at  the  World's  Fair  at  Paris  in 
1855,  when  a  small  rowboat  built  by  M.  Lambot  of  mortar  rein- 
forced with  wire  netting  was  on  exhibition.  However,  iron  bars 
were  used  at  least  a  century  earlier  by  architects  in  Italy  for  rein- 
forcing the  molded  statuary  in  parks  and  gardens  (e.g.  statuary 
groups  in  Ville  d'Este  at  Tivoli).  In  1865,  Francois  Coignet 
explained  the  principles  of  reinforcing  beams,  slabs,  arches,  etc. 
and  in  1869  took  out  a  patent  on  the  process.  In  the  same  year, 
F.  Joseph  Monier  took  out  patents  covering  many  of  the  details 
of  this  new  form  of  construction,  and  he  has  sometimes  been  called 
the  "father"  of  reinforced  concrete.    He  was  a  gardener  and 
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used  the  device  for  decreasing  the  thickness  of  walls,  reservoirs, 
etc.  by  reinforcing  them  with  a  trellis  of  iron. 

While  the  French  and  German  engineers  were  developing 
Monier's  method  of  reinforcement,  American  engineers  began  a 
more  scientific  study  of  the  new  process,  and  W.  E.  Ward,  who 
began  placing  rods  in  the  bottom  of  his  beams  and  slabs  in 
1875,  was  probably  one  of  the  first  to  get  the  correct  conception 
of  the  function  of  the  steel.  Various  systems  of  reinforcement 
were  developed  by  different  engineers  to  which  the  names  of  the 
inventors  have  been  attached. 

The  studies  that  probably  have  done  the  most  to  place  rein- 
forced concrete  construction  on  a  scientific  basis  were  the  inves- 
tigations made  at  the  University  of  Illinois,  University  of 
Wisconsin  and  other  laboratories,  for  they  have  revealed  the 
character  and  behavior  of  beams,  columns  and  slabs,  and  reduced 
the  principles  involved  to  formulas  and  laws  that  can  be  applied 
in  practical  design. 

The  development  of  the  masonry  arch  has  been  one  of  the 
notable  achievements  in  engineering.  Until  the  last  quarter  of 
the  last  century,  in  the  main  the  arch  had  been  built  empirically, 
although  various  theories  had  been  proposed  which  purported 
to  explain  the  nature  of  arch  action.  Indeed,  arches  of  consider- 
able length  had  been  built  in  this  empirical  fashion,  such  as  the 
highway  arch  at  Trezzo,  Italy,  with  a  span  of  251  ft.  built  in  1377, 
the  Claix,  France,  highway  bridge,  built  in  1611  with  a  span  of 
150  ft.,  and  the  Maidenhead  railway  bridge  built  in  1838  with 
a  span  of  128  ft. 

The  Elastic  Theory  of  arch  action,  developed  at  the  close  of  the 
last  century,  is  one  of  the  most  notable  contributions  to  the  design 
of  masonry  structures.  This  theory,  based  on  the  equations 
deduced  by  Weyrauch  in  1879  ("Theorie  der  Elastigen  Bogen- 
trager"),  was  first  applied  to  steel  arches  and  later  to  fixed 
masonry  arches,  in  which  application  various  American  as  well 
as  foreign  engineers  contributed.  The  elastic  theory  brought 
confidence  in  the  design  of  fixed  arches  with  a  resultant  economy 
in  design  and  a  wider  application  to  the  construction  of  bridges, 
dams,  conduits,  and  other  structures. 

It  is  not  necessary  in  this  brief  paragraph  to  point  out  the  con- 
tributions to  the  science  of  masonry  construction  made  by  the 
many  bold-spirited  engineers  who  led  the  way  in  constructing 
the  many  structures  of  record  size,  and  of  those  who  rendered 
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possible  the  splendid  achievements  in  engineering  by  developing 
foundation  processes  that  would  furnish  support  adequate  to  the 
loads  that  were  unavoidable  in  the  successful  carrying  out  of  such 
construction.  Enough  has  been  said,  perhaps,  to  indicate  the 
gradual  growth  of  masonry  construction  processes  and  to  show  the 
gradual  emergence  of  the  science  from  the  empirical  art,  an  evolu- 
tion that  is  entirely  analogous  to  that  of  nearly  every  other  phase 
of  engineering  science. 


Fig.  2. — An  Old  Roman  Bridge  over  a  Branch  of  the  Tiber  River. 

Historic  Masonry  Structures. — The  permanence  of  masonry 
construction  is  illustrated  in  the  many  structures  remaining  from 
the  days  of  the  Greeks  and  Romans,  who  were  primarily  masonry 
builders.  Figure  1  shows  the  famous  Pont  du  Gard,  an  aqueduct 
built  across  the  Gard  river  near  Nimes,  France,  about  17  miles 
from  Avignon.  It  consists  of  three  tiers  of  arches,  the  total 
height  being  about  161  ft.  and  the  length  about  884  ft.  It  was 
built  about  15  B.C.  and  was  laid  without  mortar,  although  the 
aqueduct  itself  is  lined  with  cement  mortar,  which  is  still  very 
hard  and  in  fair  condition.  The  channel,  which  is  located  above 
the  top  tier  of  arches,  is  about  2}4  by  5  ft.  in  cross  section  and  is 
covered  with  flat  stones  about  3  by  12  ft.  in  size  and  14  in.  thick. 

A  well  preserved  cement  concrete  bridge  along  the  famous 
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Amalfi  Drive  in  Italy,  near  Naples,  built  in  about  the  sixth  cen- 
tury A.D.  well  illustrates  the  durability  of  this  type  of  construction. 

The  arch  ring  of  the  bridge  shown  in  Fig.  2,  a  bridge  over  a 
branch  of  the  Tiber  near  Rome  is  nearly  2,000  years  old,  although 
the  superstructure  is  of  a  later  date,  about  1475. 

Figure  3  shows  the  Cloaca  Maxima,  or  Great  Sewer,  built 
about  700  B.C.  which  still  drains  the  area  between  the  Palatine 
and  Capitoline  Hills  occupied  in  part  by  the  old  Roman  Forum. 


Fig.  3. — The  Cloaca  Maxima. 


It  is  about  10}^  ft.  wide  and  14  ft.  high,  although  nearly  sub- 
merged at  present  by  the  deposit  along  the  shore  of  the  Tiber. 
The  arch  consists  of  three  rings  of  "  peperino  "  voussoirs  carefully 
shaped  and  the  remainder  is  built  of  tufa  and  peperino. 

The  permanence  of  the  brick  masonry  built  by  the  Romans  is 
illustrated  in  Fig.  4  which  shows  a  corridor  of  the  Palace  of 
Caligula  built  37  A.D.  These  bricks  were  burned  in  kilns  (a 
device  invented  by  the  Romans)  similar  to  those  in  use  today 
and  were  comparable  in  quality  to  modern  bricks. 

Factors  Affecting  the  Design  of  Structures— A  structure 
is  well  designed  if  it  meets  the  needs  of  the  situation  com- 
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pletely  at  a  minimum  cost.  In  order  that  it  may  do  this,  all 
factors  and  conditions  affecting  the  design  must  be  taken  into 
consideration.  As  indicated  in  a  previous  paragraph,  not  only 
the  loadings  to  which  the  structure  will  be  immediately  sub- 
jected must  be  considered,  but  the  function  of  the  structure 
as  related  to  the  primary  project  of  which  it  is  a  part,  and 
the  possible  changes  in  conditions  at  a  future  time,  should 
be  considered  as  well. 


Fig.  4. — Corridor  in  the  Palace  of  Caligula. 


In  general,  the  choice  of  type  of  structure  as  well  as  the  gene- 
ral features  of  the  design  will  be  determined  by  the  following 
considerations: 


1.  Adequacy 
(a)  Stability 

(6)  Performance  of  function 

2.  Economy 

(a)  Initial  cost 

(b)  Relative  permanence 

(c)  Maintenance  cost 


3.  Legal  requirements 

4.  Aesthetics 

(a)  Harmony 

(b)  Proportions 

(c)  Ornamentation. 


Which  of  these  primary  factors  is  most  important  will  depend 
upon  the  circumstances  in  any  particular  case.    Usually  stability 
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will  be  of  primary  importance,  but  where  human  life  is  not  at 
stake  and  possible  loss  resulting  from  failure  is  measurable  in 
dollars,  designing  for  extreme  conditions  may  not  be  desirable 
because  of  the  greater  cost  involved.  The  possible  loss  would 
perhaps  not  pay  for  the  added  cost  of  construction  required  to 
secure  complete  stability.  On  the  other  hand,  where  a  failure 
would  result  in  loss  of  life,  absolute  stability  should  be  made  the 
paramount  consideration.  In  setting  off  expense  against  archi- 
tectural treatment  a  wider  variance  of  opinion  may  arise. 

Adequacy. — In  general,  any  structure  should  be  designed  so 
as  to  be  stable  under  the  loads  and  forces  to  which  it  may  be 
subjected  with  a  reasonable  margin,  or  factor  of  safety.  This 
factor  of  safety  is  chiefly  an  "ignorance  coefficient"  and  is 
intended  to  provide  for  the  unknown  features  of  the  loadings 
and  forces  to  which  the  structure  may  be  subjected  and  also  for 
the  variability  in  the  quality  of  the  structural  materials  used. 
What  this  factor  should  be  depends  upon  circumstances;  the  greater 
certainty  with  which  the  factors  of  design  are  known,  the  more 
nearly  may  the  resisting  capacity  be  made  equal  to  the  forces 
encountered.  The  conditions  of  stability  for  different  types  of 
masonry  structures  will  constitute  the  bulk  of  the  succeeding 
chapters,  and  the  appropriate  margin  of  safety  will  be  discussed 
in  each  case. 

A  structure  should  be  adequate  to  perform  the  function  re- 
quired of  it,  in  addition  to  being  stable  under  the  loads  to  which  it 
is  subjected.  Masonry  structures  seldom  constitute  a  project 
in  themselves  but  are  usually  a  secondary  part  of  a  larger  project 
designed  for  some  economic  use.  Thus,  a  dam  may  be  a  part  of 
a  water  supply,  irrigation  system,  or  river  improvement;  a  retain- 
ing wall  may  support  an  earth  fill  on  which  a  factory  carrying 
heavy  machinery  may  rest;  a  bridge  may  be  a  part  of  a  highway 
or  .a  railway;  a  bin  may  be  a  part  of  a  large  storage  plant  for 
grain,  coal,  ore  or  crushed  stone;  a  chimney  is  always  a  subsidiary 
part  of  an  industrial  plant  of  some  sort;  and  foundations  are 
inherently  a  subsidiary  part  of  some  principal  structure.  The 
design  of  masonry  structures  should  contemplate,  therefore,  not 
only  the  immediate  loading  and  other  conditions,  but  should  take 
into  consideration  the  complete  relationship  between  the  struc- 
ture and  the  primary  project  of  which  it  is  a  contributing  part  in 
order  that  it  may  perform  properly  the  function  required  of  it  in 
the  realization  of  the  purpose  of  the  primary  project. 
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Whether  a  structure  should  be  designed  for  the  most  severe  con- 
ditions that  may  possibly  come  upon  it  depends  upon  the  circum- 
stances. Where  human  life  is  at  stake,  of  course,  nothing  should 
be  lacking  to  make  a  structure  as  secure  as  possible,  but  fre- 
quently a  failure  or  partial  failure  would  involve  nothing  more 
than  a  money  or  economic  loss  in  the  event  that  it  should  occur. 
In  such  a  case,  there  is  a  limit  to  the  amount  that  can  be  spent  to 
provide  for  the  extreme  contingency,  which  may  never  happen. 
In  general,  from  a  strictly  economic  point  of  view,  if  L  represents 
the  loss  that  would  occur  in  the  event  that  the  extreme  conditions 
should  occur, -and  1/N,  the  probability  of  its  occurrence,  then 
L/N  represents  the  total  outlay  that  would  be  justified  in  pre- 
venting the  loss  by  providing  for  the  extreme  conditions. 

The  interest  on  the  fixed  investment  where  provision  is  made 
for  extreme  conditions  may  be  so  great  as  to  render  extreme 
conservatism  unwise.  For  example,  $1  at  6  per  cent  com- 
pound interest  amounts  to  $184.20  in  50  years  and  $339.30  in 
100  years,  hence,  to  provide  for  a  condition  that  will  occur  in 
50  years,  the  investment  of  $1  in  the  initial  cost  must  save 
$184.20  at  the  time  the  contingency  occurs,  or  $339.30  in  the 
case  of  a  contingency  occurring  in  100  years.  Thus  if  loads  are 
to  be  doubled  in  50  years,  the  investment  of  $1,000  could  be  made 
at  the  time  of  initial  construction  as  easily  as  $184,200  at  the 
end  of  50  years,  according  to  this  basis.  However,  the  added 
depreciation  and  maintenance  of  the  structure  during  the  50  years 
would  greatly  alter  the  above  numerical  relation,  and  therefore, 
only  the  general  reasoning  holds  true. 

Because  of  the  durability  of  masonry  structures,  possible 
future  changes  in  the  conditions  affecting  design  should  be  taken 
into  consideration.  These  changes  may  be  either  physical  or 
economic, the  latter  being  usually  related  to  the  function  of  the 
major  project  of  which  the  masonry  structure  forms  a  part.  For 
example,  the  design  of  a  culvert  or  bridge  abutment  for  a  rail- 
road, which  would  not  admit  of  an  extension  for  a  second  track 
would  be  a  serious  error  when  a  study  of  conditions  would  indicate 
the  necessity  of  a  second  track  in  the  near  future. 

Permanence  of  Masonry  Structures.— When  properly  designed, 
to  provide  for  both  physical  and  economic  conditions,  both  of 
the  present  and  of  the  future,  masonry  structures  constitute  the 
most  permanent  type  of  construction  that  an  engineer  can  build. 
Yet  an  erroneous  impression  is  sometimes  created  by  ascribing 
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the  term  permanent  to  masonry  or  to  any  other  type  of  construc- 
tion, because  other  considerations  than  that  of  durability  enter 
into  the  account.  The  failures  of  dams,  retaining  walls,  reinforced 
concrete  buildings,  conduits,  etc.  indicate  that  one  cause  of  a 
lack  of  permanence  is  the  lack  of  knowledge  concerning  the 
behavior  of  the  materials  and  more  particularly  concerning  the 
character  and  magnitude  of  the  forces  and  other  conditions  to 
which  the  structure  may  be  subjected. 

Another  factor  enters  to  limit  the  life  of  a  structure,  and  that  is 
the  fact  that  a  structure  built  for  existing  conditions  may  become 
obsolete  in  type  or  inadequate  in  capacity.  A  bridge  may  be 
required  to  carry  heavy  traction  engines  or  other  loads  which  were 
not  contemplated  when  it  was  built;  a  retaining  wall  may  have 
to  support  a  live  load  on  the  embankment  that  was  not  provided 
for  in  the  design,  etc.  A  dam  may  not  be  needed  in  a  certain 
place  because  the  need  for  impounded  water  at  that  place  may 
have  ceased;  bins,  chimneys,  etc.  may  cease  to  be  needed  where 
they  are  built,  and  owing  to  the  impracticability  of  moving  them, 
their  life  is  limited,  although  they  may  be  in  unimpaired  physical 
condition.  The  author  assisted  in  the  removal  of  a  stone  arch 
railroad  bridge  which  was  unimpaired  so  far  as  its  physical  condi- 
tion was  concerned,  but  it  had  become  inadequate  to  carry  the 
increased  traffic  required  of  it. 

In  estimating  the  life  of  a  structure,  therefore,  the  factor  of 
permanence  should  be  used  with  caution.  While  the  expected 
life  of  a  structure  as  determined  by  the  durability  might  be 
measured  in  centuries,  a  study  of  the  life  histories  of  masonry  struc- 
tures indicates  that  not  more  than  30  to  50  years  should  be  assigned 
to  many  masonry  structures  when  comparing  their  permanency 
with  other  types  of  construction. 

While  it  is  true  that  the  term  "permanent  structure"  may  be 
misleading,  as  indicated  above,  it  is  also  a  fact  that  masonry 
structures  as  a  class  are  the  most  permanent  of  all  so  far  as  per- 
manency is  dependent  upon  deterioration  of  materials,  or  resis- 
tance to  erosion  and  fire.  Where  deterioration  is  the  only  factor 
to  be  considered  in  determining  the  life  of  a  structure,  we  may  say 
that  masonry  structures  last  indefinitely,  for  many  of  those  built 
in  medieval,  and  even  in  ancient  times,  are  either  in  a  fair  state 
of  preservation  at  the  present  time,  or  would  have  been  had  they 
been  properly  maintained.  While  10  to  15  years  is  about  the 
average  length  of  useful  life  of  timber  structures,  15  to  30  years 
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that  of  steel,  30  to  75  years  may  be  rationally  assigned  to  the  life 
of  masonry  structures  in  estimating  relative  economy.  However, 
in  this  connection,  attention  should  be  called  to  the  effect  of 
climatic  conditions  on  permanence,  as  exemplified  in  the  compara- 
tively rapid  deterioration  in  a  few  years  of  the  obelisk  in  the 
humid  climate  of  New  York  following  its  removal  to  Central 
Park  after  it  had  stood  for  several  milleniums  in  Egypt. 
Instances  of  this  same  situation  may  be  found  in  the  deteriora- 
tion of  Bunker  Hill  monument,  a  granite  structure,  and  in  the 
Houses  of  Parliament,  built  of  stone  recommended  by  the  best 
authorities  of  the  time,  due  to  the  adverse  climatic  conditions 
of  those  localities. 

Maintenance  of  Masonry  Structures. — In  general,  the  mainte- 
nance costs  for  masonry  structures  are  lower  than  for  any  other 
class  of  construction.  The  materials  of  masonry  are  not  subject 
to  rust  nor  decay;  neither  fungi,  borers  nor  bacteria  act  on  them; 
they  consist  for  the  most  part  of  stable  chemical  compounds  and 
therefore  are  not  readily  altered  by  chemical  action;  they  do  not 
require  painting  or  other  protective  coating;  the  fire  hazard  is 
reduced  to  a  minimum  if  not  obviated  entirely.  About  the  only 
sources  of  deterioration  in  masonry  structures,  where  they  are 
well  constructed,  are  erosion  by  water  or  sand,  disintegration  by 
frost  action  and  abrasion  by  traffic  where  they  are  subjected  to 
such  wear.  Brickwork  and  stone  masonry  require  repointing 
occasionally,  coping  stones  sometimes  become  displaced,  and 
efflorescence  may  need  to  be  scrubbed  off  at  times,  but  the  total 
of  these  is  comparatively  small. 

While  it  is  the  practice  in  America  to  clean  masonry  structures 
occasionally,  it  is  the  custom  quite  generally  in  European  coun- 
tries to  permit  discoloration  to  continue  on  the  ground  that  the 
appearance  of  the  structure  is  mellowed  and  improved  thereby, 
and  it  is  doubtless  true  that  the  British  Museum,  Notre  Dame  and 
other  structures  are  more  beautiful  than  if  they  presented  a 
glistening  fresh  masonry  appearance.  Whether  such  structures 
are  kept  scrubbed  clean  or  not,  the  cost  of  maintenance  is  not 
high. 

A  mason  with  two  helpers  should  clean  and  point  about  60 
to  75  sq.  ft.  per  hour  with  a  cost  of  materials  of  perhaps  half  a 
cent  per  square  foot.  Even  unskilled  workmen  can  scrub  with  a 
wire  brush  and  acid  efflorescence  or  other  discoloration  from 
masonry  surfaces  at  the  rate  of  25  to  30  sq.  ft.  per  man  per  hour. 
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Economy  of  Design. — The  relative  economy  of  different  types 
of  structures  is  not  determined  by  comparing  their  first  costs,  but 
by  comparing  the  total  annual  costs  of  the  various  types.  The 
total  annual  cost  includes  three  items, 

1.  Interest  on  the  initial  cost 

2.  Maintenance  charge 

3.  An  annuity  which  at  the  end  of  the  life  of  the  structure  will  produce  a 
sum  sufficient  to  reproduce  the  structure. 

Thus,  if  C  is  the  total  annual  cost,  /,  the  initial  cost  (or  repro- 
duction cost),  r  the  rate  of  interest,  M  the  annual  maintenance 
cost  including  repairs  and  renewals,  A  the  annuity  which  will 
amount  to  a  sum  at  the  end  of  the  life  of  the  structure  sufficient 
to  reproduce  the  structure,  the  annual  cost  will  be 

C  =  Ir  +  M  +  A 

The  annuity,  A,  is  the  amount  that  will  have  to  be  put  out  at 
compound  interest  annually  to  produce  the  original  cost,  or  rather 
the  reproduction  cost  in  most  cases,  at  the  end  of  the  natural 

Ir 

life  of  the  structure  and  amounts  to  7 — : — ttz  7  where  N  is 

(r  +  1)^  —  1 

the  length  of  life  of  the  structure  in  years.    This  expression  is 

obtained  as  follows:  Let  R  =  r  +  1, 

The  amount  at  the  end  of  the  first  year  is  A 

The  amount  at  the  end  of  the  second  year  is  A  +  AR 

The  amount  at  the  end  of  the  third  year  is  A  +  AR  -f-  AR2 

The  amount  at  the  end  of  the  fourth  year  is  A  -f-  AR2  -f-  AR3 

The  amount  at  the  end  of  the  Nth  year  is  A  +  AR  +  AR2  + 

AR3  +  .  .  .  AR"-1 

I  =  A  +AR  +  AR2  .  .  .  AR"-1  (1) 
IR  =  AR  +  AR2  +  AR3  +  .  .  .  ARN  (2) 

Subtracting  (1)  from  (2), 

I(R  -  1)=  AR"-  A, 

whence, 

A  =   t?n  _  1         or,       A  = 


R"  -  1  '  (r  +  1)^-1 

Tables  giving  values  of  the  annuity,  A,  applicable  to  ordinary 
conditions,  can  be  found  in  various  engineering  handbooks. 
The  initial  cost  of  a  structure  includes  not  only  the  direct  outlay 
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of  funds  but  interest  charges  during  construction  usually  aver- 
aged as  half  the  total  cost  over  the  construction  period,  and  the 
loss  resulting  from  the  unavailability  of  the  structure  during  con- 
struction. The  relative  importance  of  these  items  obviously 
depends  on  circumstances,  such  as  the  facilities  for  construction, 
the  urgency  of  need  for  the  structure,  etc.,  but  in  general, 
masonry  structures  will  be  constructed  more  slowly  than  steel  struc- 
tures. Damages  to  abutting  property  and  to  other  parties  who 
may  be  inconvenienced  during  construction  should  also  be  charged 
against  initial  cost,  the  latter  consideration  applying  chiefly  to 
other  commercial  interests  such  as  other  railroads  and  shipping. 
Insurance  during  construction  also  constitutes  a  proper  charge 
to  the  initial  cost  of  a  structure,  and  so  does  contractor's  profit, 
the  amount  of  which  items  is  so  variable  as  to  preclude  extended 
discussion  in  this  connection. 

In  matters  pertaining  to  the  economy  of  design,  attention 
should  be  given  to  a  judicious  proportioning  of  labor  and 
materials  costs.  Complicated  form  work,  additional  excavation, 
or  difficult  placing  of  material  may  so  add  to  labor  costs  as  to 
more  than  counterbalance  any  saving  in  materials  that  may  be 
effected  by  fine  points  in  design.  On  the  other  hand,  thought  on 
the  part  of  the  designer  may  save  many  man-hours  of  labor  and 
cubic  yards  of  material  in  the  field  and  thus  produce  a  net  saving 
in  the  cost  of  construction. 

Economy  of  design  as  affected  by  the  details  of  design  will  be 
discussed  in  connection  with  the  various  classes  of  structures 
treated  in  the  subsequent  chapters. 

Economy  of  Construction. — Economy  of  construction  depends 
largely  upon  four  factors,  viz.,  (1)  organization  of  the  working 
force,  (2)  system  in  laying  out  the  work,  (3)  skilful  handling  of 
labor,  and  (4)  economical  handling  of  materials. 

Care  should  be  exercised  in  forming  the  organization  of  a 
construction  force  in  order  that  it  may  be  most  effective.  The 
function  and  limits  of  authority  of  each  superintendent  and  fore- 
man and  of  all  assistants  should  be  as  completely  defined  as 
possible  and  this  definition  of  the  province  of  each  should  be 
understood  by  everyone  concerned.  In  a  large  organization 
especially,  much  loss  of  effort  and  of  morale  results  from  not 
knowing  where  to  go  nor  whom  to  address  for  an  authoritative 
decision.  A  diagrammatic  scheme  or  chart  of  the  organization 
should  be  made  up  which  will  show  the  relationships  of  depart- 
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ments,  superintendents,  foremen,  etc.  and  these  should  be  posted 
or  distributed  so  that  all  concerned  may  be  fully  informed. 

Before  construction  is  begun,  a  complete  program  or  schedule 
of  the  work  should  be  formulated  providing  for  the  dates  of 
beginning  and  finishing  each  operation  and  portion  of  the  work, 
the  number  of  employees  that  will  be  required,  schedule  of  the 
arrival  of  materials,  etc.  This  schedule  should  be  formulated 
with  the  utmost  accuracy  practicable  and  then  adhered  to  entirely, 
unless  some  totally  unforeseeable  event  should  occur  to  disarrange 
it.  It  should  be  posted  or  made  available  to  everyone  in  author- 
ity on  the  work. 

Much  has  been  written  about  the  efficient  handling  of  labor 
and  only  a  word  can  be  said  here  to  call  attention  to  the  impor- 
tance of  giving  this  phase  of  construction  the  most  careful 
thought.  It  may  be  taken  as  axiomatic  that  laborers  cannot  nor 
will  not  work  efficiently  if  they  are  overworked,  underfed,  poorly 
housed,  their  families  inadequately  provided  for,  if  they  are 
neglected  in  the  case  of  sickness  or  injury,  and  do  not  have  reason- 
ably agreeable  surroundings  while  at  work  and  during  leisure 
hours  as  well.  Niggardliness  in  these  regards  as  well  as  in  wage 
rates  seldom  results  in  economy,  for  what  is  saved  in  wages  is 
lost  in  labor  turnover.  When  it  is  realized  that  it  costs  $50  or 
more  as  a  minimum  to  let  an  experienced  workman  go  and  to 
train  another,  the  importance  of  keeping  the  labor  turnover  to 
the  lowest  proportions  possible  becomes  apparent. 

Perhaps  in  no  other  respect  will  systematic  planning  bring 
economy  to  a  greater  degree  than  in  the  handling  of  materials. 
Before  any  materials  begin  to  arrive  on  the  site  of  the  work,  a 
comprehensive  scheme  of  storage  and  handling  should  be  formed 
and  this  should  be  adhered  to  throughout  the  progress  of  the 
work.  Form  lumber  and  construction  timbers  should  be  system- 
atically piled,  reinforcing  steel  should  be  classified  and  placed  on 
racks  with  easy  access;  aggregate,  sand  and  cement  should  be 
placed  so  as  to  be  conveniently  transported  to  the  mixer.  Natu- 
rally, of  the  three  the  coarse  aggregate  should  be  nearest  to  the 
mixer  and  the  cement  farthest  away  because  of  the  greater 
amount  of  the  former  to  be  handled. 

The  use  of  gasoline  engines,  electric  motors,  or  horse  power 
should  be  substituted  for  man  power  wherever  possible,  for  the 
former  will  perform  work  at  a  small  fraction  of  the  cost  of  the 
same  by  mere  man  power.    The  use  of  cranes,  hoists,  power 
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loaders,  conveyors,  trucks,  etc.,  on  work  of  some  magnitude  will 
almost  always  be  found  economical.  A  scheme  of  dumping  the 
aggregates  through  a  trestle  to  a  platform  and  then  loading  them 
into  wagons  by  means  of  power  loaders  was  used  to  advantage 
on  a  large  job  where  the  author  was  supervising  engineer.  The 
employment  of  a  central  mixing  plant  for  concrete  on  large 
work  is  generally  economical. 

Legal  Requirements  Affecting  Design. — In  the  design  of  any 
structure,  the  possible  features  necessary  to  meet  legal  require- 
ments should  be  carefully  considered.  This  applies  particularly 
to  structures  along  navigable  streams  and  to  a  less  extent  to 
construction  on  any  stream  of  water.  Obstructions  to  streams 
which  interfere  with  the  normal  carrying  capacity  of  the  stream 
bed  may  bring  damages  to  owners  whose  property  may  be  inun- 
dated by  backwater,  and  structures  are  legally  required  to  be 
adequate  to  care  for  normal  freshets,  although  perhaps  not  for 
extraordinary  floods.  Any  construction  along  navigable  streams 
must  have  the  approval  of  the  War  Department.  No  structure 
should  be  so  placed  as  to  divert  the  stream  against  a  bank  and 
cause  cutting,  else  damage  claims  may  result. 

Legal  complications  are  particularly  likely  to  arise  in  construc- 
tion in  cities  where  obstruction  of  traffic,  failure  to  give  lateral 
support  during  excavation  for  foundations,  damage  to  adjacent 
property,  etc.,  are  avoided  only  with  difficulty  in  most  cases. 

Aesthetics  of  Design. — Masonry  structures  are  especially 
well  adapted  to  aesthetic  treatmeiyt  in  their  design.  Much  as  a 
bird  with  its  feathers,  because  of  the  harmony  and  graceful 
continuity  of  outlines,  is  more  beautiful  than  a  plucked  bird,  or  a 
body  with  flesh  is  more  sightly  than  a  skeleton,  so  masonry 
structures,  because  of  the  fullness  of  contour,  are  more  pleasing  in 
appearance  than  angular  frames  of  steel  or  of  timber.  Probably 
the  continual  observance  of  rounded  outlines  formed  by  erosion 
on  the  earth's  surface,  of  the  natural  curved  shapes  of  the  bodies 
of  animals  and  of  stems,  leaves  and  petals  of  plants,  has  so 
accustomed  the  human  eye  to  this  standard  of  form  that  angu- 
larity appears  unsightly  and  ugly.  Therefore,  while  there  are 
no  fixed  canons  of  taste  and  beauty,  those  designs  are  generally 
most  pleasing  that  are  in  harmony  with  Nature's  outlines. 

Usually  good  architectural  treatment  of  structures  is  entirely 
compatible  with  strength  and  economy  of  construction  and  can 
be  obtained  by  giving  attention  to  the  matter  in  the  course  of 
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design,  without  appreciable  increase  in  the  total  cost.  In  those 
cases  where  special  treatment  and  finish  may  be  desired  in  order 
to  improve  the  appearance  of  a  structure,  not  more  than  2  to 
5  per  cent  will  be  added  to  the  cost  required  of  a  strictly 
utilitarian  structure  built  merely  to  perform  the  function  desired, 
and  expenditure  of  such  an  amount  is  justifiable,  especially  where 
the  structure  involved  will  be  subjected  to  the  public  gaze. 

On  the  other  hand,  so  called  architectural  treatment  is  often 
overdone.  Not  infrequently  one  sees  a  railroad  station,  a  water- 
works pump  house,  or  a  car  barn  built  after  the  fashion  of  a 
Greek  (or  pseudo-Greek)  temple,  a  Gothic  cathedral,  or  a  Spanish 
mission  house.  While  the  building  itself  may  be  more  pleasing 
to  the  eye  than  a  severely  plain  structure,  when  taken  in  connec- 
tion with  the  purpose  for  which  it  was  designed,  its  appearance 
becomes  oppressive  in  the  extreme.  Many  of  the  older  bridges 
of  Europe  are  ornamented  with  statuary  and  allegorical  figures 
which  have  no  logical  connection  whatever  with  the  purpose  of 
the  structure  and  therefore  weary  one  rather  than  please.  Exces- 
sive ornamentation,  therefore,  is  not  only  in  bad  taste,  but  if 
unrelated  to  the  nature  of  the  structure,  becomes  a  source  of 
chagrin  rather  than  of  pleasure. 

As  observed  above,  no  general  rules  can  be  formulated  that 
can  be  followed  infallibly  in  securing  good  architectural  treat- 
ment. However,  although  the  primary  factor  in  securing  good 
treatment  is  proper  proportioning  a  judicious  use  of  curved 
fillets  and  other  devices  to  obliterate  angles  and  corners,  securing 
continuity  of  outline  by  means  of  arches  and  curved  beams, 
breaking  up  monotonous  plane  surfaces  by  paneling,  finishing 
facades  with  parapets,  corbels  or  other  device,  and  other  varia- 
tions and  schemes  of  relief,  and  a  careful  study  of  the  lines  of  the 
structure  to  avoid  confusion  and  to  secure  simplicity,  will  be 
found  applicable  to  structures  that  are  too  commonly  built  with 
unpleasing  effect.  Indeed,  with  good  proportions  given,  atten- 
tion to  such  details  may  raise  a  structure  from  the  plane  of 
mediocrity,  if  not  positive  unsightliness,  to  one  of  grace  and 
beauty. 

Principles  of  Good  Design. — The  following  general  principles 
of  composition  in  design  as  formulated  by  J.  B.  Robinson,1 
John  Ruskin  and  others,  are  suggestive  in  securing  a  pleasing 
appearance.    They  are  listed  here  in  outline  only,  as  an  extended 

1  J.  B.  Robinson,  "Architectural  Composition." 
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exposition  with  examples  would  be  required  to  explain  the  signifi- 
cance of  each. 

1.  Decisiveness  and  Frankness. — The  structure  should  be  either 
symmetrical  or  decidedly  unsymmetrical,  that  is,  not  undecided. 
Asymmetrical  structures  should  have  the  lines  of  perspective 
pronounced.  Panels  should  either  be  square  or  decidedly  oblong. 
A  series  of  features  should  be  exactly  in  rows  or  decidedly  out  of 
row. 

2.  Character. — That  is,  the  structure  should  show  the  purpose 
for  which  it  was  constructed. 

3.  Sincerity  and  Truth.— Ruskin  gives  as  the  three  chief 
deceits  in  construction  as  (a)  the  suggestion  of  modes  of  support 
other  than  the  true  ones,  (b)  the  painting  of  surfaces  to  repre- 
sent some  other  material  than  the  real  one,  (c)  the  use  of  cast 
or  machine  molded  ornaments. 

4.  Simplicity. — A  structure  should  be  comprehendable  at  a 
glance  and  should  not  contain  details  understood  only  by  the 
initiated. 

5.  Unity  of  Lines. — There  should  be  a  unity  of  lines.  Either 
horizontal  or  vertical  lines  should  be  accentuated.  A  medley  of 
lines  running  in  various  directions  distracts  the  eye,  for  the  eye 
naturally  seeks  to  find  a  way  through  the  maze. 

6.  Structural  lines  close  together  give  an  impression  of  delicacy, 
whereas,  lines  more  widely  spaced  give  an  idea  of  robustness 
and  strength.  The  former  gives  an  impression  of  artificiality 
while  the  latter  is  more  rustic. 

7.  Breaking  up  the  monotony  of  large  plain  surfaces  by  cor- 
beling or  other  device  rests  the  eye  and  improves  the  shadow 
effect.  Heavy  cornices,  corbels  and  other  projections  with  the 
resulting  deep  shadow  effects  give  the  impression  of  strength  and 
of  ruggedness. 

8.  Grace  of  outline  should  be  sought  rather  than  the  heaviness 
of  mediaeval  fortifications. 

9.  A  structure  should  fit  into  its  surroundings  of  landscape  and 
existing  structures.  In  general,  nature's  outlines  are  pleasing 
and  should  be  taken  into  account  and  changed  only  after  very 
careful  consideration.  For  example,  a  delicately  ornamented 
masonry  bridge  in  the  rugged  surroundings  of  the  Rocky  moun- 
tains, where  a  bold  and  massive  structure  is  demanded,  would  be 
as  inappropriate  as  a  plain  arch  bridge  would  be  in  a  viaduct  over 
a  city  street  or  in  a  city  park  where  refinement  is  expected. 
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'Harmony  with  neighboring  structures  is  scarcely  less  important 
than  with  natural  setting. 

10.  The  parts  of  a  structure  should  bear  proper  proportion 
to  the  whole.  Primary  masses  should  be  visibly  connected  and 
should  have  a  logical  relation  to  each  other. 

11.  Ornamentation  should  be  used  sparingly.  Ruskin  said: 
"  Decorate  construction  without  constructing  decoration."  Orna- 
ment should  not  seem  to  be  added  to  a  structure  for  the  sake 
of  ornament,  but  should  be  an  integral  purposeful  part  of  the 
structure.  Features  of  ornament  should  be  of  sufficient  size 
to  be  seen  at  the  distance  from  which  they  will  be  viewed. 

12.  Special  arrangements  of  colors  should  be  used  cautiously. 
Strong  colors  are  likely  to  prove  unsatisfactory.  Harmony  of 
color  is  more  important  than  is  any  single  color  feature. 

In  conclusion,  the  desirability  of  making  a  careful  study  of  a 
proposed  structure  relative  to  its  surroundings  may  be  urged. 
An  architectural  rendering  may  be  made  showing  the  structure 
sketched  in  its  setting.  A  very  effective  device  for  use  in  this 
connection  in  showing  a  structure  in  its  proposed  setting  is  to 
photograph  the  landscape,  draw  in  the  proposed  structure  on  the 
print  using  the  perspective  of  the  camera,  and  then  re-photograph 
the  whole.  Remarkably  realistic  effects  can  be  secured  in  this 
manner.  By  such  means  as  above  mentioned  the  features  that 
are  out  of  harmony  with  the  surroundings  can  be  detected  and 
corrected. 
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MASONRY  LAID  IN  MORTAR 

Introduction. — Masonry  consisting  of  natural  stone  or  brick 
laid  in  mortar  was  formerly  synonymous  with  the  term  masonry, 
but  in  recent  years,  the  use  of  concrete  has  overshadowed  the 
older  type  to  such  an  extent  that  concrete  has  almost  become 
synonymous  with  masonry  instead.  However,  in  many  instances 
natural  stone,  brick  or  cement  block  construction  may  have  a 
proper  place  in  the  engineer's  consideration.  Where  suitable  stone 
is  near  at  hand,  stone  masonry  may  be  more  economical  than  con- 
crete, and  where  special  architectural  effects  are  required,  it  may 
be  desirable,  even  though  more  expensive. 

To  a  comparatively  limited  extent  in  America,  but  to  a  very 
great  extent  in  England  and  some  other  European  countries, 
brick  masonry  is  used  for  bridge  abutments  and  piers,  for  arch 
bridges  in  highway  and  railway  construction  and  retaining  walls, 
as  well  as  for  buildings,  and  in  many  instances  may  be  very 
properly  considered  by  the  engineer  as  an  alternative  with 
concrete  or  with  stone  masonry.  One  eminent  engineer  stated 
that  he  could  not  see  the  economy  'of  breaking  up  stone  in  order 
to  cement  it  together  again  in  construction.  However,  the 
facility  with  which  hand  labor  is  replaced  by  machine  labor  in 
handling  concrete  usually  makes  concrete  masonry  the  more 
economical. 

The  relative  merits  of  the  different  kinds  of  masonry  depend  on 
the  circumstances  of  each  individual  case  and  no  general  state- 
ment of  the  superiority  of  one  kind  over  another  can  be  made  that 
will  be  universally  applicable. 

Mortar. — Mortar  for  use  in  masonry  construction  consists  of 
sand  or  finely  crushed  rock  mixed  with  a  cementing  paste  which 
hardens  in  time.  The  cementing  paste  may  be  either  lime  paste 
or  hydraulic  cement  paste,  the  latter  being  almost  exclusively 
used  at  the  present  time.  The  proportions  commonly  used  are 
1:2  or  1:3  for  lime  or  portland  cement  and  about  1:1  or  1 : 2  for 
natural  cement.    After  the  cementing  paste  has  set  up  and 
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hardened,  the  mortar  becomes  essentially  an  artificial  sandstone 
with  a  calcareous  binder.  The  characteristics  of  sand  and  of 
hydraulic  cement  will  be  taken  up  in  a  succeeding  chapter  on 
cement  concrete,  and  only  a  brief  statement  of  the  properties  of 
lime  mortar  will  be  given  here. 

Lime. — Lime  is  manufactured  by  calcining  limestone  at  high 
heat  (925°  C),  the  character  of  the  product  depending  upon  the 
composition  of  the  natural  stone.  Pure  limestone  would  be 
calcium  carbonate  (CaC03).  Except  as  the  mineral  calcite,  it 
seldom  is  found  in  this  pure  form,  but  has  various  impurities, 
such  as  magnesium  carbonate,  silica  (SiC^),  alumina  (A1203),  or 
iron  oxide  (Fe203). 

Where  the  impurities  do  not  exceed  about  10  per  cent,  the 
product  is  sold  as  "quick  lime"  or  "pure  lime"  or  "high  calcium 
lime."  Quick  lime  is  calcium  oxide  (CaO)  and  when  treated  with 
water  forms  calcium  hydroxide,  which  on  exposure  to  air  takes  on 
carbon  dioxide  thereby  returning  to  the  form  of  calcium  car- 
bonate. The  process  of  forming  the  hydroxide  is  known  as 
"slaking,"  and  is  accompanied  by  the  liberation  of  heat. 

Magnesian  limestones  are  composed  of  calcium  and  magnesium 
carbonates  in  various  proportions  and  the  resulting  lime  has 
variable  characteristics  accordingly.  When  the  proportions  are 
equal,  the  limestone  is  called  dolomite  (CaC03.MgC03).  Lime 
made  from  magnesian  limestones  is  called  "magnesian  lime," 
the  term  being  applied  where  the  magnesia  amounts  to  more  than 
5  per  cent,  although  it  usually  runs  considerably  higher  than  this 
proportion.  Magnesian  lime  slakes  more  slowly,  sets  more 
rapidly  and  forms  a  stronger  mortar  than  does  quick  lime. 

When  the  other  ingredients  mentioned  above  are  found  in  lime 
to  a  considerable  extent,  the  latter  takes  on  the  property  of 
setting  up  with  water  even  in  the  absence  of  air  and  the  material 
becomes  hydraulic  lime,  or  hydraulic  cement,  depending  on  the  pro- 
portions, which  cements  will  be  considered  in  a  subsequent  chapter. 

Gypsum  Cements. — In  addition  to  the  limes,  there  is  a  series 
of  cements  derived  from  gypsum,  calcium  sulphate  (CaS04),  the 
chief  of  which  is  plaster  of  paris.  When  gypsum  is  heated,  water 
of  hydration  is  given  off,  leaving  the  anhydrous  sulphate;  then 
when  water  is  added,  it  rehydrates  and  forms  gypsum  again,  a 
substance  with  a  certain  degree  of  strength  and  hardness.  Vari- 
ous other  plasters  are  made  from  gypsum,  but  they  depend 
essentially  on  this  same  property. 
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Strength  of  Mortar. — With  a  given  cement  and  sand,  the 
strength  of  mortar  depends  on  the  richness,  density  and  consis- 
tency of  the  mixture. 

1.  Other  factors  remaining  constant,  the  richer  the  mixture,  the 
stronger  the  mortar. 

2.  Other  factors  remaining  constant,  the  denser  the  mixture, 
the  stronger  the  mortar. 

3.  Other  factors  remaining  constant,  a  plastic  consistency 
produces  a  mortar  of  greatest  strength. 

4.  The  adhesive  strength  of  mortar  varies  with  the  absorption 
of  the  surface  to  which  it  is  applied.1 

The  density,  and  hence  the  strength,  of  a  mortar  is  dependent 
largely  upon  the  gradation  of  the  sand.  Sand  with  approxi- 
mately a  uniform  gradation  but  having  an  excess  of  coarse 
particles  yields  the  densest  and  therefore  the  strongest  mortar 
See  Fig.  12.  Very  fine  sand  and  sand  of  uniform  size  generally 
yield  a  weak  mortar.  Mortars  gain  strength  rapidly  for  the 
first  3  days,  then  more  slowly  up  to  about  6  months,  and  then 
either  remain  practically  constant  or  decrease  slightly. 

Hydrated  lime  up  to  about  10  or  15  per  cent  increases  the 
strength  of  a  lean  mortar  and  facilitates  spreading  the  mortar 
in  a  bed.  A  small  amount  of  clay,  under  about  7  per  cent,  has 
little  or  no  effect  on  the  strength  of  mortar,  and  may  actually 
increase  the  strength  of  a  lean  mortar.  The  presence  of  mica 
in  sand  is  deleterious,  10  per  cent  reducing  the  strength  of  the 
mortar  about  one  third.2  Any  organic  matter  present  decreases 
the  strength  of  the  mortar  and  may  cause  disintegration. 

Re-gaging  or  re-tempering  mortar,  i.e.  adding  water  and  mixing 
after  initial  set  has  begun,  does  not  materially  decrease  the 
strength  of  portland  cement  mortar,  if  done  within  two  hours, 
but  does  greatly  weaken  natural  cement  mortar. 

A.  Stone  Masonry 

Elements  of  Stone  Masonry. — The  strength,  durability  and 
other  properties  of  stone  masonry  depend  on  four  elements, 
viz.,  the  stone,  the  mortar,  the  class  of  masonry  and  the  work- 
manship in  laying.  In  general,  masonry  should  be  laid  so  that 
these  elements  affect  the  final  result  consistently  and  no  one  of 
them  constitutes  the  "weakest  part."    With  lime  mortar,  the 

1  Proc.  Am.  Soc.  for  Testing  Materials,  vol.  8,  p.  529. 

2  Engineering  News,  Feb.  6,  1908. 
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strength  will  depend  usually  upon  the  mortar,  but  frequently 
with  hydraulic  cement  mortar,  the  stone  may  be  so  inferior  as  to 
limit  the  strength  of  the  whole,  and  not  infrequently  poor  work- 
manship will  produce  poor  results  even  with  good  materials. 
Particularly  in  rubble  and  other  classes  of  masonry  in  which  the 
mortar  constitutes  a  considerable  part  of  the  whole  volume,  the 
mortar  and  the  workmanship  will  be  the  determining  factors. 
In  any  case,  the  importance  of  these  elements  should  be  well 
understood  and  the  design  and  construction  carried  on  with  due 
regard  to  the  effect  that  they  may  have  on  the  finished  work. 

Classification  of  Building  Stones. — Building  stones  are  classi- 
fied according  to  their  mineralogical  constituents  into  three 
groups:  (1)  argillaceous,  or  those  that  have  alumina  compounds 
such  as  clay,  shale  and  slate  for  predominating  elements;  (2) 
calcareous,  including  those  whose  chief  constituent  is  the  car- 
bonate of  calcium,  or  lime,  such  as  limestone,  or  marble;  (3)  silice- 
ous, consisting  of  those  rocks  whose  chief  constituent  is  silica  or 
quartz,  e.g.,  granite,  quartzite,  sandstone,  etc. 

With  reference  to  their  geological  formation,  rocks  are  classi- 
fied as  (1)  igneous,  (2)  sedimentary  and  (3)  metamorphic. 
Igneous  rocks  are  those  which  were  formed  by  the  solidification 
of  molten  or  plastic  rock  substance;  they  may  be  wholly  or  par- 
tially crystalline,  as  granite,  dacite,  etc.,  or  they  may  be  entirely 
free  from  crystals,  as  obsidian.  This  class  includes  two  principal 
groups,  of  value  in  building  construction,  although  there  are 
others  of  less  value:  (1)  The  granites  and  related  stones  such  as 
rhyolite,  syenite,  and  others,  and  (2)  the  group  frequently  called 
trap  rock  by  engineers,  which  group  comprises  several  geologic 
classes,  including  basalt,  gabbro,  diabase,  dacite,  andesite,  etc. 
The  rocks  in  this  latter  group  are  not  widely  used  owing  to  the 
difficulty  of  working  them.  In  addition  to  these,  there  are  rocks 
of  the  igneous  class  such  as  serpentine,  peridotite,  and  others 
that  are  frequently  used  for  ornamental  purposes,  for  veneering 
walls  and  columns,  etc.  but  they  are  not  sufficiently  strong  or 
durable  to  justify  their  use  where  they  will  be  exposed  to  the 
weather. 

Sedimentary  rocks  comprise  those  that  have  been  formed  from 
previously  existing  rocks  and  materials,  and  have  been  brought 
to  their  present  form  and  position  by  various  agencies,  such  as 
water,  wind,  life,  chemical  precipitation,  etc.  They  may  be 
classified  as: 
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1.  Sand  and  gravel,  or  arenaceous,  rocks — sandstone 

2.  Clay  rock,  or  argillaceous — shale,  soapstone 

3.  Lime,  or  calcareous  rock — limestone,  dolomite,  chalk 

4.  Siliceous — flint,  chert 

5.  Rocks  chiefly  chemical  precipitates — travertine,  onyx. 

Metamorphic  rocks  are  those  that  have  been  formed  from  pre- 
viously existing  rocks  chiefly  by  pressure  and  heat  being  applied 
due  to  changes  within  the  earth's  surface. 

Properties  of  Building  Stones— The  qualities  that  may  be 
desired  in  good  building  stone  depend  upon  the  character  of  the 
structure  in  which  the  stone  is  to  be  used  and  the  conditions  to 
which  it  will  be  exposed.  The  properties  commonly  required  are 
(1)  durability,  (2)  availability,  (3)  strength,  (4)  uniformity,  (5) 
texture,  (6)  color,  (7)  susceptibility  to  polish.  The  order  of  the 
relative  importance  of  these  properties  depends  upon  the  use  to  be 
made  of  the  stone.  Generally  for  the  loads  that  come  upon  it, 
stone  has  ample  strength  and  durability,  hence,  availability 
affecting  cheapness  will  most  commonly  be  a  controlling  factor, 
although  under  peculiar  conditions  either  durability  or  appear- 
ance may  have  prime  consideration. 

Durability— All  stones  when  exposed  to  the  weather  are  sub- 
ject to  decay.  Some  stones  which  seem  very  durable  in  their 
natural  beds  prove  susceptible  to  comparatively  rapid  deteriora- 
tion when  taken  to  other  conditions  of  climate  and  exposure. 
Thus,  Cleopatra's  Needle,  that  had  stood  the  mild  climatic 
conditions  of  Egypt  unimpaired  for  centuries,  has  shown  marked 
signs  of  disintegration  since  being  brought  to  Central  Park  in  New 
York  in  1880;  and  the  Parliament  Houses  in  London  were  con- 
structed of  a  magnesium  limestone  which  the  leading  authorities 
of  that  day  pronounced  durable,  yet  subjected  to  the  gases  and 
damp  atmosphere  of  London,  it  has  rapidly  deteriorated.  The 
life  of  building  stones  varies  from  a  few  years  to  centuries. 

The  agencies  which  may  destroy  building  stones  are  (1)  chem- 
ical disintegration,  (2)  freezing  of  water  in  the  interstitial  space 
and  in  crevices,  (3)  expansion  of  crystallizing  salts  in  such 
spaces,  (4)  erosion  due  to  water,  wind  and  ice,  (5)  abrasion  under 
wear,  (6)  expansion  and  contraction  due  to  temperature  changes, 
(7)  heat  from  fire. 

Chemical  disintegration  may  result  from  weathering  of  certain 
elements,  such  as  the  crumbling  of  granite  due  to  the  decom- 
position of  the  feldspar  constituent;  from  the  dissolving  of 
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constituents  in  dilute  acids,  e.g.  the  dissolving  of  limestone  by  car- 
bonic acid  or  sulphuric  acid  in  water,  or  the  action  of  gaseous 
acids  resulting  from  the  combustion  of  coal,  etc.  When  a  more 
resistant  material  is  cemented  together  by  one  readily  yielding  to 
the  attack  of  acid  or  other  agency,  of  course  the  stone  crumbles 
when  the  cementing  material  is  destroyed.  A  dolomitic  lime- 
stone for  a  similar  reason  is  generally  more  durable  than  a  pure 
limestone  because  it  does  not  yield  so  readily  to  the  attack  of 
acids.  There  is  no  reliable  test  of  general  application  by  which 
the  resistance  of  stone  to  chemical  action  may  be  determined. 
A  careful  study  of  the  constituent  minerals  and  their  probable 
action  when  exposed  to  the  conditions  surrounding  the  proposed 
structure  is  the  safest  guide  in  this  respect.  Observations  on  the 
behavior  of  the  stone  in  question  when  subjected  to  similar 
conditions  are  also  desirable  where  they  can  be  made. 

Frost  deterioration  results  when  water  enters  the  interstitial 
spaces  and  crevices  of  a  rock  and  freezes,  thereby  exerting  a 
disruptive  force.  Other  things  being  equal,  the  stone  having 
the  lowest  water  absorption  will  be  the  least  affected  by  frost 
action,  hence,  the  absorptive  capacity  of  a  stone  is  roughly  a 
measure  of  its  resistance  to  frost  action.  The  following  data 
show  about  average  percentages  of  absorption. 


The  laboratory  test  most  commonly  used  to  determine  the 
frost  resistance  of  a  stone  consists  of  subjecting  prepared  speci- 
mens that  have  been  carefully  weighed  to  alternate  freezing  and 
thawing  by  means  of  freezing  mixtures  and  observing  the  effects. 
The  effects  may  be  (a)  the  formation  of  cracks,  (b)  the  detaching 
of  grains  from  the  surface  causing  loss  of  weight,  and  (c)  loss 
of  strength  when  subjected  to  crushing  tests.  An  artificial  simu- 
lation of  the  freezing  and  thawing  test  known  as  Brard's  test 
consists  of  boiling  carefully  weighed  specimens  in  a  solution  of 
sodium  sulphate  and  then  allowing  this  salt  to  crystallize  in  the 
pore  space  of  the  stone  causing  an  expansive  action  similar  to 
that  of  freezing.  Brard's  test  is  usually  more  severe  than  the 
actual  freezing  and  thawing  test  and  is  less  reliable. 


Per  Cent 


Granite. . . 
Sandstone 
Limestone 
Marble. . . 
Slate  


0.01  to  0.6 
0.01  to  0.4 


4  to  5 


0.001  to  0.4 

2  to  3 
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Disintegration  due  to  crystallization  of  soluble  salts  is  very  closely 
akin  to  the  effects  of  freezing  and  thawing.  In  the  western  parts 
of  the  United  States  and  elsewhere,  the  effect  of  alkali  salts 
(sodium  sulphate  and  sodium  carbonate)  is  very  marked  in  this 
respect,  causing  the  foundations  of  structures  to  spall  and  scale 
off. 

Resistance  to  erosion  and  abrasion  is  dependent  largely  upon  the 
toughness  and  the  hardness  of  the  stone,  both  of  which  proper- 
ties are  capable  of  fairly  satisfactory  determination  by  standard- 
ized tests.  While  these  tests  need  not  be  described  here,  it 
should  be  noted  that  the  toughness  test  is  measured  by  the 
resistance  to  a  blow  delivered  under  standard  conditions  and 
hardness  by  a  standardized  abrasion  test.  Stones  subject  to  the 
wear  of  traffic  such  as  door  sills,  floor  slabs,  etc.,  should  have 
high  value  in  this  respect. 

Expansion  and  contraction  due  to  temperature  changes  may 
cause  failure  of  stone  masonry  when  adequate  provision  for  such 
movement  is  not  provided  for,  although  utter  failure  from  this 
cause  is  rare.  Tests  made  at  the  Watertown  Arsenal  show  the 
following  values  of  the  coefficient  of  thermal  expansion  of  building 
stones : 


Limestone   0.000,00375 

Marble   0.000,00361  to  0.000,00562 

Sandstone   0 . 000 , 0050 1  to  0 . 000 , 00526 

Slate   0.000,00500 

Granite   0 . 000 , 003 1 1  to  0 . 000 , 00408 


Fire  resistance  of  masonry  depends  upon  the  nature  of  the 
stone  used  in  construction,  disintegration  from  exposure  to  fire 
temperatures  being  due  to  unequal  expansion  of  heated  exterior 
and  cooler  interior,  spalling  of  heated  surfaces  from  application 
of  water,  or  by  the  calcining  of  some  of  the  calcareous  constit- 
uents. Because  lime  rocks  are  calcined  at  about  850°  F.,  they 
are  disintegrated  at  high  heat,  although  below  this  temperature, 
they  resist  destruction  from  heat  better  than  granitic  stone. 
Professor  W.  E.  McCourt  concluded1  from  a  series  of  tests  on 
New  York  building  stones  that  their  order  of  refractoriness-was 
in  the  order  of  sandstone,  fine  grained  granite,  limestone,  coarse 
grained  granite,  gneiss  and  marble. 

The  availability  of  a  building  stone  depends  upon  several 
factors,  chief  of  which  are  (1)  a  wide  range  of  occurrence,  (2) 

1  U.  S.  Geol  Survey  Bull.  370. 
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proximity  of  quarries  to  the  site  of  construction,  (3)  ease  of 
quarrying,  (4)  convenient  transportation  facilities,  (5)  ease  of 
shaping  and  finishing.  Local  stones  should  always  be  investi- 
gated before  stones  from  far  distant  quarries  are  resorted  to, 
for  by  this  procedure  the  cost  of  the  structure  may  be  greatly 
affected.  The  author  has  observed  many  instances  of  shipping 
stone  from  New  England,  Ohio,  or  elsewhere  in  the  eastern  part 
of  the  United  States  to  the  western  region,  when  equally  good 
stones  were  available  locally  had  the  architect  or  the  engineer 
taken  the  trouble  to  investigate  the  situation. 

Granitic  and  porphyritic  stones  are  usually  the  most  difficult 
to  quarry  while  limestone  is  generally  the  easiest  because  of  its 
stratification.  Quartzite  sandstone  is  nearly  as  difficult  to  work 
as  granite.  In  general,  stratified  rock  is  more  easily  quarried  and 
worked  than  the  igneous  unstratified,  especially  if  the  lamina  are 
comparatively  thin,  and  those  formations  are  more  easily  worked 
where  the  strata  are  horizontal  or  nearly  so  than  where  the 
strata  are  steeply  dipping. 

A  rock  in  its  natural  bed  usually  contains  water,  known  as 
"quarry  sap,"  which  will  evaporate  while  seasoning  thereby 
increasing  the  hardness  of  the  stone.  Such  stone  should  be 
worked  while  " green"  because  of  the  greater  ease  of  cutting. 

Strength  and  Weight. — A  wide  variation  in  the  strength  of 
building  stones  is  to  be  expected,  the  strength  of  any  one  class 
being  far  from  a  definite  quantity.  In  this  respect,  the  sand- 
stones probably  exhibit  the  widest  range  of  variation.  Table  I 
shows  values  of  average  strength,  moduli  of  elasticity  and  weights 
of  the  chief  classes  of  building  stones.  In  making  a  test  of  the 
compressive  strength  of  a  stone,  the  shape  of  the  test  specimen 
has  an  appreciable  effect  on  the  results  observed.  Thus  a  speci- 
men having  the  lateral  dimension  greater  than  the  vertical  shows 
greater  strength  than  a  cube,  and  a  cube  in  turn  shows  greater 
strength  than  a  prism  having  a  vertical  dimension  two  or  three 
times  the  lateral.  This  difference  arises  from  the  mode  of  fail- 
ure. Inasmuch  as  stone  is  weaker  in  tension  and  in  shear  than 
in  compression,  the  failure  is  a  combination  of  shear  on  diagonal 
planes  and  of  tension  at  right  angles  to  the  applied  load,  and  these 
latter  stresses  are  relatively  greater  in  the  prism. 

Most  stones,  particularly  sandstones,  also  show  a  greater 
strength  when  tested  with  their  natural  bedding  plane  at  right 
angles  to  the  direction  of  application  of  the  load  than  when 
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tested  on  edge.  Tool-dressed  specimens  usually  show  less 
strength  than  sawed  specimens,  and  stones  saturated  with  water 
are  not  so  strong  as  dry  stone.  As  a  general  rule,  for  any  class  of 
stone,  the  densest  and  heaviest  stones  are  the  strongest. 

Tests  made  on  the  building  stones  of  Colorado  under  the 
author's  direction  indicated  that  the  modulus  of  elasticity  of 
certain  stones  increased  with  the  load  applied,  contrary  to  the 
behavior  of  most  structural  materials.  This  property  appeared 
to  be  particularly  true  with  the  crystalline  stones,  such  as  marble. 
Repeated  applications  of  the  stress,  however,  tended  to  destroy 
this  relationship  and  to  establish  a  constant  modulus  of  elasticity 
within  the  elastic  limit. 


Table  I. — Strength  and  Weight  of  Building  Stones 
(Strength  in  pounds  per  square  inch) 


Stone 


Weight, 
lb.  per 
cu.  ft. 


Appar- 
ent 
sp.  gr. 


Compressive 
strength 


Shear 
strength 


Modulus 
of 

rupture 


Modulus 
of 

elasticity 


Granite. . . 
Sandstone 
Limestone 
Marble .  .  . 

Trap  

Slate  


165 
145 
156 
165 
175 
175 


2.7 

2.3 
2.6 
2.7 
2.8 
2.8 


2 , 500- 
38 , 000 

1,200- 
25 , 000 

3,000- 
30,000 
11,000- 
25 , 000 
10,000- 
24 , 000 
14,000- 
30,000 


1,700- 
2,800 
1,100- 
2,100 


1,100- 
1,500 


1,000- 
3,000 

500- 
3,000 

300- 
2,500 

500- 
2,500 


7 , 000- 
11,000 


2 , 000 , 000- 
12,000,000 
1,000,000- 
6 , 000 , 000 
2,500,000- 
10,000,000 
3 , 000 , 000- 
12,000,000 


5 , 000 , 000 
20 , 000 , 000 


The  apparent  specific  gravity  of  a  stone  is  the  ratio  of  the  weight 
of  a  given  volume  of  the  stone  to  an  equal  volume  of  water.  In 
order  to  obtain  the  apparent  specific  gravity,  the  specimen  should 
be  dipped  in  hot  paraffin  before  immersing.  The  true  specific 
gravity  of  a  stone  is  the  specific  gravity  of  the  stone  material  or 
substance.  It  can  only  be  found  accurately  by  pulverizing  the 
stone  and  finding  the  specific  gravity  of  the  stone  particles  in  a 
specific  gravity  flask  as  for  cement.  If  the  stone  is  weighed  dry 
and  then  again  in  water  after  it  has  been  immersed  long  enough 
to  become  thoroughly  saturated,  an  approximate  value  of  the 
true  specific  gravity  can  be  obtained  by  dividing  the  former 
weight  by  the  difference  in  these  weights. 

The  porosity  can  be  calculated  after  the  true  specific  gravity  is 
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obtained  by  computing  the  weight  of  a  measured  volume  having 
the  true  specific  gravity  of  the  stone,  subtracting  the  observed 
weight  of  this  volume  from  the  computed  weight  if  solid  and 
dividing  this  difference  by  the  computed  weight. 

Uniformity  of  Stone. — In  order  that  a  stone  may  be  acceptable 
for  building  purposes,  it  is  important  that  the  quarry  should  be 
uniform  in  the  character  and  quality  of  the  stone  furnished.  It 
is  not  an  infrequent  occurrence  to  see  a  building  that  shows  the 
effect  of  a  lack  of  uniformity  of  stone,  either  as  to  color  or  texture, 
even  though  the  stone  was  obtained  all  from  the  same  quarry. 
This  situation  is  especially  likely  to  arise  when  additions  are 
made. 

Texture. — The  texture  of  a  stone  refers  to  the  grain,  and  may 
be  described  as  coarse,  medium  or  fine,  regular  or  irregular. 
Sometimes  other  terms  are  used,  particularly  by  geologists,  such 
as  eye-grained,  meaning  composed  of  large  enough  grains  to  be 
seen  with  the  unaided  eye,  lens-grained,  that  is,  requiring  a  lens 
in  order  to  determine  the  grain,  porphyritic,  signifying  that  the 
rock  consists  of  large  grains  in  a  finer  grained  ground-mass  or 
magma. 

Marbles  vary  in  texture  from  the  fine  grained  statuary  marbles 
of  Italy  and  Alabama  to  those  so  coarse  grained  as  to  be  unsuit- 
able for  much  architectural  work.  Sandstones  may  vary  from 
a  fine  grain  to  a  very  coarse  grain  approaching  a  conglomerate. 
Fine  grained  stones  are  usually  denser  and  more  durable  than 
coarse  grained,  this  being  particularly  applicable  to  the  granites. 
For  ornamental  work,  a  fine  grained  stone  is  almost  essential. 

Color. — The  color  of  a  stone  for  building  purposes  is  important, 
and  particularly  the  ability  to  retain  its  color  unchanged. 
Whether  a  building  has  a  dark  gloomy  appearance  or  a  warm 
cheery  aspect  depends  to  a  considerable  extent  upon  the  color  of 
the  stone  selected  for  its  construction.  Red,  grey  and  dark 
granites  are  available  in  nearly  all  shades.  Limestone  is  usually 
white  or  grey,  but  owing  to  the  admixture  of  iron  and  other 
impurities,  it  may  be  of  almost  any  color.  The  chief  coloring 
constituent  of  building  stones  is  iron,  which  may  be  present  in 
chemical  composition  with  other  elements,  as  in  mica,  hornblende 
or  augite,  or  as  free  oxides  and  sulphides  distributed  in  minute 
particles  throughout  the  mass.  The  free  oxides  impart  a  brown- 
ish hue,  the  sulphides  a  bluish  or  greyish  cast. 

The  chemical  composition  of  the  iron  also  determines  the  stabil- 
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ity  of  its  color.  The  sulphide,  carbonate,  and  protoxides  are 
liable  to  oxidation  thereby  causing  stains  and  other  discoloration 
on  exposure.  The  sesqui-oxide,  on  the  other  hand,  is  of  stable 
composition  and  the  resulting  color  is  durable.  Iron  sulphide, 
etc.  if  in  small  particles  and  distributed  throughout  the  mass  will 
not  cause  objectionable  discoloration  of  stones  for  ordinary  build- 
ing purposes,  but  if  the  particles  are  large,  the  staining  will  be 
uneven  and  unsightly.  Generally,  therefore,  the  red  colors  may 
be  accepted  as  unchangeable.  Marbles  and  other  limestones  are 
particularly  susceptible  to  stain  from  iron  content.  The  mottled 
marbles  that  are  used  so  much  for  interior  decoration  are  the  result 
of  the  deposition  of  successive  layers  of  rock  from  solutions  contain- 
ing various  coloring  impurities,  chiefly  of  a  carbonaceous  nature. 

Susceptibility  to  Polish. — The  readiness  with  which  a  stone 
may  be  polished  and  the  permanency  of  the  polish  depend  chiefly 
on  the  texture  and  the  character  of  the  mineral  constituents. 
A  stone  consisting  of  the  same  mineral  throughout,  or  of  different 
minerals  of  the  same  degree  of  hardness  admits  of  a  better  polish 
than  one  consisting  of  minerals  of  varying  hardness.  Quartz, 
feldspar  and  calcite  take  good  polish,  while  hornblende,  mica  and 
augite  are  difficult  to  polish.  The  fine  grained  marbles  are 
capable  of  taking  an  excellent  polish,  as  are  serpentine,  and  some 
of  the  fine  grained  limestones. 

Stone  Tools. — Stone  working  is  an  art  of  ancient  origin  and 
various  tools  have  been  developed  to  facilitate  the  shaping  of 
the  stone.  With  a  view  to  promoting  uniformity  in  specifications 
and  other  literature  pertaining  to  masonry,  a  committee  of  the 
American  Society  of  Civil  Engineers  formulated  definitions  and 
nomenclature  of  terms  and  a  classification  of  masonry  construc- 
tion that  have  become  practically  standard.1  The  following 
description  of  hand  tools  is  extracted  from  that  report. 

The  Double  Face  Hammer  is  a  heavy  tool  weighing  about  20  to 
•30  lbs.  and  is  used  for  roughly  shaping  the  stones  as  they  come 
from  the  quarry.  The  Single  Face  Hammer  is  similar  except  that 
it  is  lighter  and  one  face  is  made  similar  to  an  ax  or  wedge.  The 
Cavil  has  one  hammer  face  and  one  pyramidal  pointed  end.  The 
Pick  is  also  used  for  roughly  shaping  stones.  The  Ax  or  Pean 
Hammer  has  two  opposite  cutting  edges,  and  the  Tooth  Ax  is 
similar  except  that  the  two  edges  are  serrated. 

1  Trans.  Am.  Soc.  C.  E.,  vol.  6,  p.  297;  see  also,  I.  O.  Baker,  "Treatise on 
Masonry  Construction." 
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The  following  tools  are  used  to  give  a  finish  to  the  surface  of 
stones.  The  Bush  Hammer  has  a  face  2  to  4  in.  square  and  is 
much  used  in  surfacing;  the  Patent  Hammer  is  a  double  headed 
tool  so  formed  as  to  hold  at  each  end  a  set  of  thin  wide  chisels. 
The  Crandall  is  a  malleable  iron  bar  containing  a  slot  3  in.  long 
in  which  double  ended  points  are  held  in  place  by  means  of  a  key. 
The  Point  is  a  round  or  octagonal  bar  of  steel  about  12  in.  long 
when  new,  and  is  struck  with  a  mallet  to  put  a  final  finish  on  a 
stone  or  to  prepare  the  surface  for  some  other  tool.  The  Pitch- 
ing Chisel  is  used  for  making  a  well  defined  edge  to  the  face  of  a 
stone  by  striking  off  with  it  under  the  blows  of  a  mallet  the  face 
of  the  stone  along  a  scribed  line  to  which  the  chisel  is  applied. 
The  Chisel,  Tooth  Chisel  and  Splitting  Chisel  do  not  require  special 
description;  they  are  used  chiefly  in  making  a  draft  around  the 
edge  of  the  face  of  a  stone  and  for  cleaving  stones  along  planes  of 
stratification.  The  Plug  and  Feathers  is  used  for  splitting 
unstratified  stone  by  insertion  in  a  drilled  hole. 

Power  tools  are  of  comparatively  recent  development  and 
include  pneumatic  hammers  and  chisels  of  various  types,  pneu- 
matic surfacing  and  finishing  tools,  saws,  groovers,  planers, 
rubbing  beds,  etc.,  a  description  of  which  may  be  found  in  a 
dealer's  catalog. 

Stone  Cutting— All  stones  used  in  building  are  divided  into 
three  classes  according  to  the  finish  of  the  surface,  viz., 

1.  Rough  stones  that  are  used  as  they  come  from  the  quarry. 

2.  Stones  roughly  squared  and  dressed. 

3.  Stones  accurately  squared  and  finely  dressed. 

In  practice,  the  lines  of  demarkation  between  these  classes 
are  not  distinctly  marked,  one  class  merging  into  the  next. 

Squared  stones  may  be  quarry  faced,  pitch  faced,  or  drafted 
stones. 

Cut  stones  include  all  those  that  are  accurately  squared  with 
smoothly  dressed  beds  and  joints.  They  may  be  rough  pointed, 
fine  pointed,  crandalled,  axed,  patent  hammered,  tooth  axed,  bush 
hammered,  rubbed,  or  diamond  paneled  according  to  the  tool  used 
in  the  dressing.  Sawed  stone  is  also  of  frequent  occurrence  in 
masonry  construction. 

The  art  of  making  the  drawings,  patterns,  bevels,  etc.  in 
cutting  dimension  stone,  i.e.  stones  whose  dimensions  have  been 
fixed  in  advance,  is  called  stereotomy  and  involves  chiefly  the 
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principles  of  projections  and  descriptive  geometry  in  its  applica- 
tion. The  drawings  are  usually  made  to  a  large  scale  and  the 
dimensions  of  each  stone,  in  the  case  of  high  class  ashlar  masonry, 
are  determined  by  scaling  from  the  drawings  or  by  calculations. 
Each  stone  is  then  given  a  construction  marking,  similar  to  the 
erection  markings  on  structural  steel  members,  so  that  when 
the  stones  are  laid  in  place  there  may  be  a  perfect  fit.  Owing  to 
the  obsolescent  state  of  the  art,  so  far  as  most  engineering  work  is 
concerned,  a  detailed  treatment  of  the  processes  involved  is  not 
required  in  this  connection,  the  reader  being  referred  to  special 
books  on  the  subject  for  a  complete  presentation. 

Classification  of  Masonry. — While  there  is  some  diversity 
in  the  use  of  terms  referring  to  stone  masonry,  the  classification 
given  below  is  the  one  most  generally  recognized.1 

Ashlar  or  cut  stone  masonry  is  composed  of  cut  stones  which 
have  their  joints  carefully  dressed  to  planes  so  that  the  joints  do 
not  exceed  Y2  in.  in  thickness.  In  high  grade  dimension  stone 
work,  the  joints  do  not  exceed  }/%  in.  in  thickness.  Ashlar 
masonry  is  almost  always  range,  that  is,  the  stones  are  of  the 
same  height  and  are  laid  in  courses,  but  it  may  be  broken  range 
if  two  or  more  stones  replace  a  large  one  in  the  course,  or  it  may 
be  random,  if  the  courses  are  not  preserved  at  all. 

Squared  stone  masonry  applies  to  masonry  where  the  joints 
are  between  %  and  1  in.  in  thickness,  and  obviously  consists  of 
stones  less  accurately  dressed  than  in  the  case  of  ashlar.  The 
terms,  range,  broken  range  and  random  apply  as  in  ashlar. 

Rubble  masonry  consists  of  unsquared  stones,  the  faces  being 
left  as  they  come  from  the  quarry  and  the  irregularities  being 
made  up  by  filling  with  mortar.  Rubble  may  be  either  coursed 
or  uncoursed. 

Dry  masonry  consists  of  stones  laid  without  mortar,  and 
includes  slope-wall  masonry,  stone  paving  and  riprap.  Slope- 
wall  masonry  consists  of  stones  of  fairly  regular  shapes  hand  laid 
to  protect  a  sloping  bank;  stone  paving  consists  of  stones  laid 
with  a  fairly  smooth  surface  to  protect  the  bed  of  a  stream, 
usually;  riprap  consists  of  stones  of  various  shapes  and  sizes 
placed  for  the  protection  of  the  banks  of  a  stream,  a  bridge  pier, 
or  other  structure. 

Masonry  Definitions. — The  following  definitions  taken  chiefly 
from  the  Manual  of  the  American  Railway  Engineering  Associa- 

1  Trans.  Am.  Soc.  C.  E.,  vol.  6,  p.  303. 
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tion  p.  249  ff.  are  descriptive  of  terms  used  in  masonry 
specifications : 

Arris. — The  external  edge  formed  by  two  surfaces,  whether  plane  or 
curved,  meeting  each  other. 

Backing—  That  portion  of  a  masonry  wall  built  in  the  rear  of  the  face, 
usually  a  cheaper  class  of  masonry  and  bonded  to  the  face. 

Batter. — The  slope  or  inclination  of  the  face  or  back  of  a  wall  from  a 
vertical  plane. 

Bed .—The  top  or  bottom  of  a  stone.  Natural  bed— The  surface  of  a 
stone  parallel  to  its  stratification.  Course  bed.— Stone,  brick,  mortar  or 
other  material  in  position  upon  which  other  material  is  to  be  placed. 

Bond. — In  stone  or  brick  masonry,  the  mechanical  disposition  of  stone, 
brick  or  other  blocks  by  overlapping  to  break  joints. 

Build. — A  vertical  joint. 

Centering. — A  temporary  support  used  in  arch  construction.  (Also  called 
centers.) 

Clamp. — An  instrument  for  lifting  stone,  so  designed  that  its  grip  is 
increased  as  the  load  is  applied. 

Coping.— A  top  course  of  stone  or  of  other  building  blocks,  or  of  concrete 
to  shelter  the  masonry  from  the  weather. 

Course. — Each  separate  layer  in  stone,  brick  or  other  masonry. 

Cramps. — Bars  of  iron  having  their  ends  turned  at  right  angles  to  the 
body  of  the  bar  in  order  to  enter  holes  in  the  faces  of  adjacent  stones  to 
hold  them  in  place. 

Dowels.— Straight  metal  bars  used  to  connect  two  sections  of  masonry. 
Also,  a  two-piece  instrument  for  lifting  stones. 

Draft.— A  margin  on  the  surface  of  a  stone  cut  approximately  to  the 
width  of  the  chisel. 

Flush.— (adj.)  Having  the  surface  even  with  the  adjoining  surface, 
(verb)  To  fill,  or  to  bring  to  a  level. 

Footing. — A  bottom  course. 

Grout. — A  mortar  of  liquid  consistency. 

Header.— A  stone  having  its  greatest  dimension  at  right  angles  to  the 
face  of  the  wall  in  which  it  rests. 
Lewis. — A  four  piece  instrument  for  lifting  stone. 

£ocfc. — Any  special  device  or  method  of  construction  used  to  secure  a 
bond  in  masonry. 

Parapet.— A  wall  or  barrier  on  the  edge  of  an  elevated  structure  for  the 
purpose  of  protection  or  ornament. 
Pitch. — To  square  a  stone. 

Pointing. — Filling  joints  or  defects  in  the  face  of  a  masonry  wall. 
Quoin. — A  corner  stone  in  a  wall. 
Ring  stones. — The  end  stones  or  voussoirs  of  an  arch. 
Spall— A  chip  of  stone  broken  from  a  large  block. 

Stretcher. — A  stone  or  other  block  with  its  longest  dimension  parallel  to 
the  face  of  the  wall  in  which  it  rests. 

Laying  Stone  Masonry. — The  workmanship  in  laying  stone 
masonry  is  quite  as  important  a  factor  in  the  production  of  good 
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results  as  are  the  materials  and  should  receive  therefore  very  care- 
ful attention  in  the  preparation  of  masonry  specifications  and  in 
the  construction.  Professor  I.  0.  Baker  gives  the  following  rules1 
for  laying  stone  masonry,  the  observance  of  which  should  be 
adhered  to  carefully. 

1.  The  larger  stones  should  be  used  in  the  foundation  courses  to  give  the 
greatest  strength  and  to  lessen  the  danger  of  unequal  settlement. 

2.  A  stone  should  be  laid  on  its  broadest  face,  since  then  there  is  better 
opportunity  to  fill  the  spaces  between  the  stones. 

3.  For  the  sake  of  appearance,  the  larger  stones  should  be  placed  in  the 
lower  courses,  the  thickness  of  the  stones  gradually  diminishing  towards 
the  top  of  the  wall. 

4.  Stratified  stones  should  be  laid  on  their  natural  bed  because  in  that 
position  they  are  stronger  and  more  durable. 

5.  The  courses  of  the  masonry  should  be  perpendicular  to  the  direction 
of  the  pressure  it  is  to  withstand. 

6.  To  bind  a  wall  together  laterally,  a  stone  in  any  course  should  break 
joints  or  overlap  the  stone  in  the  course  below. 

7.  To  bind  the  wall  together  transversely,  there  should  be  a  considerable 
number  of  headers  extending  from  the  front  to  the  back  of  the  wall,  or  from 
the  outside  of  the  wall  into  the  interior  of  thick  walls. 

8.  The  surface  of  all  porous  stones  should  be  moistened  before  being 
bedded  in  order  to  prevent  the  stone  from  absorbing  the  water  of  the 
mortar  and  thereby  rendering  the  latter  friable. 

9.  The  spaces  between  the  back  ends  of  adjoining  stones  should  be  as 
small  as  practicable,  and  these  spaces  and  the  joints  between  the  stones 
should  be  completely  filled  with  mortar. 

10.  If  it  is  necessary  to  remove  a  stone  after  it  has  been  placed  upon  the 
mortar  bed,  it  should  be  lifted  clear  and  re-set,  as  attempting  to  slide  it 
is  likely  to  loosen  stones  already  laid  and  thereby  destroy  the  adhesion. 

11.  An  unseasoned  stone  should  not  be  laid  in  a  wall  if  there  is  any 
likelihood  of  its  being  frozen  before  it  becomes  seasoned. 

12.  Masonry  should  not  be  laid  in  freezing  weather  unless  unavoidable. 
Where  laying  in  cold  weather  can  not  be  avoided,  cement  mortar  should  be 
used  and  the  work  protected  and  other  precautions  taken,  as  for  pouring 
concrete  in  freezing  weather.    (See  p.  94.) 

A  neglect  of  one  or  more  of  the  above  rules  has  frequently 
caused  failure  and  the  importance  of  observing  them  should  be 
emphasized. 

Stone  masonry  is  usually  pointed  up  after  the  wall  is  laid. 
That  is,  the  mortar  is  not  brought  to  the  face  while  the  stone 
is  being  put  into  place,  but  after  the  courses  are  laid,  usually 
after  the  structure  is  finished  otherwise,  the  joints  are  cleared 
out  for  a  depth  of  about  an  inch  and  then  filled  as  compactly 

1I.  O.  Bakek,  "Treatise  on  Masonry  Construction,"  p.  282. 
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as  possible  with  mortar,  the  projecting  mortar  being  struck  off 
or  finished  as  flush,  grooved  or  beaded. 

The  quantity  of  mortar  required  in  any  volume  of  stone 
masonry  obviously  depends  upon  the  class  of  masonry,  that  is, 
upon  the  thickness  of  the  joints.  It  averages  about  10  per  cent 
of  the  total  volume  for  good  ashlar,  15  per  cent  for  squared  stone 
and  20  to  35  per  cent  for  rubble. 

A  modification  of  Fuller's  formula  for  quantities  (see  p.  91) 
may  be  used  for  estimating  the  quantities  of  cement  and  sand 
required  to  make  any  given  quantity  of  mortar  of  any  propor- 
tions. Thus,  where  C  is  the  number  of  barrels  of  cement  re- 
quired per  cubic  yard  of  mortar  and  S  the  number  of  cubic  yards 
of  sand  per  cubic  yard  of  mortar,  and  1  :  s,  the  proportions  of 
cement  and  sand, 

C  =  7.5/(1  +  0.7s),  and  S  =  C  X  s  X  4/27 

For  lime  mortar,  about  one  barrel  weighing  200  lb.  is  required 
for  one  cubic  yard  of  mortar  of  1  : 3  proportions,  which  are  the 
usual  proportions  employed. 

Strength  of  Stone  Masonry. — The  loads  to  which  stone 
masonry  may  be  subjected  may  give  rise  to  compressive,  shear 
and  transverse  flexure  stresses,  compressive  being  of  most  fre- 
quent occurrence.  In  spanning  an  opening,  in  the  projections  of 
footings,  corbels,  etc.,  masonry  is  required  to  sustain  flexural  and 
shear  stresses. 

The  strength  of  masonry  depends  primarily  upon  the  mortar 
used  and  unless  the  stone  has  less  strength  than  the  mortar,  the 
crushing  strength  of  the  stone  has  little  influence  on  the  strength 
of  the  built-up  masonry.  Obviously,  also,  the  character  of  the 
masonry,  the  size  and  regularity  of  the  stone,  the  care  in  laying 
and  other  factors  will  affect  the  ability  to  withstand  strains. 
In  ashlar  and  other  squared  stone  masonry,  the  safe  load  is  much 
less  than  the  ultimate  strength,  for  after  the  mortar  gives  way, 
and  the  stones  crack,  the  stones  will  still  support  additional  loads 
before  complete  failure.  No  satisfactory  tests  have  been  made 
to  determine  the  strength  of  stone  masonry,  but  Professor  I.  O. 
Baker1  has  compiled  a  list  of  structures  with  the  existing  pressures 
indicated.  In  these,  the  pressures  range  from  400  to  600  lbs.  per 
square  inch  on  good  ashlar.    Table  II2  shows  the  allowable 

1  I.  O.  Baker,  "Treatise  on  Masonry  Construction,"  p.  294. 

2  "Am".  Civil  Engineers'  Pocket  Book,"  p.  578. 


38    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 

working  stresses  in  tons  per  square  foot  (1  ton  per  square  foot 
equals  approximately  14  lb.  per  square  inch)  according  to  the 
building  laws  of  several  American  cities. 

With  the  ordinary  range  of  pier  or  column  lengths,  the  com- 
pressive strength  is  probably  not  appreciably  affected  by  column 
action,  although  no  definite  tests  have  been  performed  to  establish 
this  belief. 


Table  II. — Allowable  Pressures  on  Stone  Masonry  in  American 

Cities 
(In  tons  per  square  foot) 


Kind  of  masonry 

New 
York, 
1906 

Wash'n, 
1909 

Boston, 
1909 

Cleve- 
land, 
1907 

Balti- 
more, 
1908 

Granite  ashlar  

73-173 

72-173 

60 

9-20 

72-173 

Gneiss  ashlar  

94 

94 

9-20 

Limestone  ashlar  

50-166 

50-166 

40 

9-20 

72 

Marble  ashlar  

43-86 

43-86 

40 

9-20 

Sandstone  ashlar  

29-115 

29-115 

30 

9-20 

Rubble,  natural  cement.  .  . 

8 

8 

7-9 

7 

Rubble,  portland  cement. . 

10 

10 

10-12 

9 

Rubble,  lime  

5 

5 

4-6 

4 

The  allowable  shear  stress  in  stone  masonry  should  not  be 
assumed  higher  than  perhaps  one-fourth  of  the  compressive  stress 
where  the  stress  is  true  punching  shear  and  not  affected  by  diag- 
onal tension.  Stone  masonry  is  very  weak  in  tension,  about  5  lb. 
per  square  inch  being  a  conservative  working  stress  where  lime 
mortar  is  used,  15  lb.  per  square  inch  with  portland  cement 
mortar.  Where  stone  masonry  is  required  to  withstand  tension, 
as  in  spanning  an  opening,  special  care  should  be  exercised  in 
laying. 

Stone  Bearing  Blocks. — The  ends  of  trusses,  beams  and 
columns  are  frequently  set  on  large  flat  stones  in  order  to  spread 
the  load  over  a  larger  area  of  the  supporting  material.  Such 
stones  are  called  bearing  blocks,  although  the  latter  term  is 
general  and  may  be  applied  to  blocks  or  slabs  of  wood,  metal  or  of 
reinforced  concrete  when  used  similarly.  The  block  is  subjected 
as  a  beam  or  as  a  plate,  depending  upon  conditions,  to  transverse 
flexure  and  to  compression.    If  the  superimposed  load  is  cen- 
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trally  placed,  then  the  reacting  pressure  on  the  block  is  uniform, 
but  if  it  is  eccentric,  the  reacting  pressure  on  the  block  will  vary 
from  one  edge  of  the  block  to  the  other.  Obviously,  where  the 
bearing  block  is  built  solidly  into  the  wall,  the  flexural  stress 
is  not  so  great  as  where  the  edges  are  free,  but  it  is  well  to  design 
a  bearing  block  for  free  edge  conditions  in  most  cases,  for  such 
may  practically  obtain  due  to  shrinkage  and  other  causes.  The 
flexural  stresses  should  be  investigated  along  diagonal  as  well  as 
median  lines  of  the  bearing  block,  for  the  stresses  along  the 
latter  may  be  the  greater  in  some  instances.    In  fact,  Bach 


?a 


WWW  i 

(a) 
Fig. 


(b) 

5. — Diagram  of  Bearing  Blocks. 


found  from  experiment  that  rectangular  plates  usually  break 
along  a  diagonal. 

According  to  the  theory  of  true  stress,  the  actual  or  equivalent 
simple  stress,  that  is  Ee  (E  being  the  modulus  of  elasticity  and  e 
the  unit  deformation),  is  less  than  the  apparent  stress  calculated 
by  considering  a  strip  as  a  beam.  An  exact  solution  of  the 
stresses  based  on  true  stresses  and  Poisson's  ratio  as  proposed  by 
Grashof  is  complicated,  hence,  an  approximate  solution  based  on 
apparent  stresses  will  be  used  in  this  discussion. 

In  Fig.  5  (a),  let  P  be  the  load  per  unit  area.  The  load  on  a 
strip  b  wide  outside  the  bearing  area  is  6 (a  —  c)P.  The  reaction 
along  the  edge  of  the  strip  of  width  b  is  b (4a2  -  4c2)P/8c,  or, 
(a2  -  c2)Pb/2c. 

The  difference  between  the  load  and  the  reaction  is  borne  by 


40    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


shear  along  the  edge  of  the  strip,  which  shear  may  be  assumed  to 
be  uniformly  distributed,  and  hence,  would  equal 

Pb(a  -  c)  -  Pb(a>  -  c2)/2c,     or    Pb(2aC  ~f  ^ 

zc 

This  quantity  will  always  be  negative,  indicating  that  there 
is  a  downward  load  equal  to  this  amount  which  will  make  the 
moment  in  the  strip  greater  than  if  the  strip  were  considered  as 
cantilever  beam  by  itself.  Assuming  this  downward  load  uni- 
formly distributed,  the  moment  will  be 

M  .  -y2Pb{a  _  cV  _  Pb  f  -  ^  +  °°)(^)  = 


For  any  value  of  a  greater  than  c,  it  is  obvious  that  this 
moment  will  be  greater  than  for  the  simple  cantilever. 

For  a  circular  block  supporting  a  cylindrical  column,  a  similar 
process  of  reasoning  may  be  followed.  Let  r2  be  the  radius 
of  the  plate  and  n  the  radius  of  the  column. 

In  Fig.  5  (6),  the  load  on  the  strip  of  width  b  is  P6(r2  —  n)  and 

the  reaction  on  a  width  b  at  the  support  is  —  Pb;  hence, 

the  reaction  to  be  taken  by  shear  on  the  sides  of  the  strip  is 


-  {r2  —  ri) 


(t*2    7*1/^ 

Pb,  or- —  — ■    Pb,  which  is  negative  or 

2?*i 


2ri 

downward.    The  moment  M  =  —  %Pb(r2  —  r\ 


—}^Pb- —  — ,  which  is  likewise  greater  numerically  than 

—  y^Pbiji  —  ri)2,  the  moment  of  the  load  on  the  strip  itself. 

Door  and  window  sills,  lintels,  etc.  are  likely  to  break  under 
a  load  due  to  settlement,  and  for  this  reason,  the  masonry  should 
not  be  laid  solidly  against  the  sill  at  the  middle,  lest  the  sill 
become  center  bound  and  too  great  a  moment  at  that  point 
result. 

Stone  Columns  and  Pillars. — When  the  height  of  a  masonry 
column  greatly  exceeds  its  lateral  dimension,  the  allowable  unit 
bearing  pressure  should  be  decreased.    Tests  indicate  that  the 
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strength  of  built-up  masonry  columns  is  affected  by  the  ability 
of  the  individual  blocks  to  resist  transverse  breaking,  which  fact 
would  suggest  the  use  of  large  deep  blocks  so  far  as  practicable 
in  such  work.  A  column  formula  for  stone  columns  sometimes 
used  is 

S 


1  +c 


L2 
D2 


Where  P  is  the  allowable  load  per  unit  area  on  the  column,  S  the 
allowable  unit  compression  on  a  prism  of  the  masonry,  L  the 
length  in  inches,  D  the  least  lateral  dimension  in  inches,  and  c  a 
coefficient  equal  to  about  3^00- 

Stone  pillars  are  seldom  used  in  modern  work  except  for  pur- 
poses of  architectural  embellishment,  and  then  such  pillars 
seldom  support  any  considerable  load  except  their  own  weight. 
Care  should  be  exercised  to  have  the  bearing  surfaces  of  the 
sections  of  such  pillars  flat  and  at  right  angles  to  the  axis.  It  is  a 
practice  common  among  masons  to  cut  the  bearing  surfaces 
concave  in  order  to  obtain  a  more  perfectly  fitting  bearing.  This 
practice  is  likely  to  cause  the  edge  to  spall.  On  the  other  hand 
if  the  surfaces  are  concave,  the  column  may  be  split. 

B.  Brick  Masonry 

Definitions. — In  order  to  facilitate  the  discussion  of  brick 
masonry,  it  may  be  advantageous  to  define  certain  materials  and 
terms  used. 

A  kiln  is  a  furnace  in  which  bricks  are  burned. 

Fire  bricks  are  bricks  made  from  essentially  pure  kaolin  or  clay,  or  a 
mixture  of  pure  clay  and  sand,  and  are  used  wherever  the  wall  is  to  be 
subjected  to  high  temperatures. 

Soft  mud  bricks  are  made  from  clay  mixed  in  a  pug  mill  and  pressed 
into  molds  under  a  plunger. 

Stiff  mud  bricks  are  made  by  forcing  a  plastic  clay  through  a  die  in  a 
continuous  bar  and  cutting  off  the  blocks  of  the  desired  size  by  a  moving 
wire  reel.  Most  stiff  mud  bricks  are  side  cut  although  end  cut  bricks  are 
still  made  to  a  limited  extent.  The  drying  and  burning  processes  are  essen- 
tially the  same  regardless  of  the  manner  of  molding. 

Dry  clay,  or  pressed  bricks  are  molded  under  a  plunger  of  clay  containing 
but  little  moisture.  They  are  very  smooth  and  uniform  in  size  and  shape, 
and  are  much  used  for  exterior  finish  or  veneer  of  buildings. 
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Repressed  bricks  are  made  by  subjecting  stiff  mud  bricks  to  heavy  pressure 
in  a  mold  before  burning. 

Arch  bricks  are  those  taken  from  the  top  or  side  of  the  kiln.  This  class, 
as  well  as  the  next  two,  is  applicable  only  where  the  old  style  clamp  kiln 
is  used. 

Body  bricks  are  those  taken  from  the  interior  of  the  kiln  next  after  the 
arch  bricks.  They  are  the  No.  1  grade  of  bricks,  being  the  best  quality 
in  the  kiln. 

Salmon  or  soft  bricks  are  those  taken  from  the  kiln  farthest  from  the  fire 
and  are  underburned  and  consequently  soft. 

Vitrified  bricks  are  those  that  have  been  subjected  to  heat  of  sufficient 
intensity  to  cause  partial  or  complete  fusion  of  the  silicates  present.  Only 
certain  kinds  of  clays  will  make  good  vitrified  bricks. 

Compass  bricks  have  one  edge  shorter  than  the  other  and  are  used  in  walls 
having  sharp  curves. 

Feather  edge  bricks  have  one  edge  thinner  than  the  other  and  are  used  in 
arches. 

Sand  lime  bricks  are  made  from  a  mixture  of  sand  and  lime,  molded  under 
pressure  and  cured  under  steam. 

Ornamental  face  bricks  are  made  from  special  clays  or  by  adding  various 
coatings  before  burning  in  order  to  obtain  the  color  desired. 

Terra  cotta  (cooked  earth)  is  a  clay  product  consisting  of  hollow  blocks  of 
various  shapes  and  sizes,  ranging  from  simple  rectangular  blocks  to  elabor- 
ately molded  designs  used  for  ornamental  purposes.  In  order  to  render 
the  blocks  light,  the  clay  is  sometimes  mixed  with  sawdust  or  with  chopped 
straw  before  burning,  which  burns  out  and  leaves  the  block  porous.  This 
product  is  commonly  termed  terra  cotta  lumber,  since  it  can  be  sawed, 
nailed  to,  etc. 

Requisites  of  Good  Building  Brick. — Clay  bricks  are  com- 
monly burned  in  the  old  style  kiln  from  which  the  product  varies 
greatly  according  to  the  distance  of  the  brick  from  the  fire  during 
burning.  The  modern  continuous  kiln,  however,  consisting  of 
two  long  parallel  tunnels  connected  at  the  ends,  yields  a  much 
more  uniform  product  and  permits  green  bricks  to  be  introduced 
and  burned  bricks  to  be  removed  without  discontinuing  the 
fire.  After  burning  in  any  kiln  the  bricks  should  be  slowly  cooled, 
or  annealed,  otherwise  they  will  be  brittle. 

Where  the  clay  from  which  the  bricks  are  formed  contains 
considerable  quantities  of  lime,  the  latter  is  calcined  in  the  burn- 
ing and  later  when  the  bricks  are  exposed  to  the  weather,  this 
lime  in  slaking  expands  and  chips  or  spalls  the  brick.  Conse- 
quently, the  clay  or  shale  for  making  bricks  should  be  free  from 
limestone  fragments . 

Vitrification  of  brick  is  partly  a  physical  and  partly  a  chemical 
process.    It  is  essentially  a  process  of  fusion  of  the  silicates  in 
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which  they  become  fluid  to  an  extent  and  fill  the  interstitial 
space  of  the  structure  formed  by  the  more  refractory  materials, 
thereby  cementing  the  mass  together.  Vitrification  occurs  at 
about  1,600°  F.  and  is  distinguished  from  fusion  in  that,  in  the 
latter  process,  the  entire  mass  becomes  plastic  while  in  vitrifica- 
tion, the  granules  forming  the  more  refractory  structure  remain 
rigid  and  the  interstitial  spaces  are  filled  by  the  fused  silicates. 
The  physical  manifestation  of  vitrification  lies  chiefly  in  increased 
density  and  hardness  and  decreased  absorption. 

The  essentials  of  a  good  building  brick  are  (1)  uniformity 
of  size,  form  and  color,  (2)  strength  and  (3)  low  absorption.  The 
size  of  commercial  bricks  is  not  standardized,  although  the  sizes 
adopted  by  the  National  Brick  Manufacturers'  Assn.  are  8}^  by 
4  by  in.  for  common  brick,  by  4  by  23^  for  paving 
brick,  8%  by  4  by  2%  for  pressed,  and  12  by  4  by  \y2  for  Roman 
brick.  English  bricks  are  8%  by  4%  by  2%  in.  Bricks  warped 
in  burning  should  be  rejected  by  the  engineer  because  of  the  diffi- 
culty in  laying  and  the  weakness  of  construction  resulting  where 
they  are  used.  The  color  of  bricks  depends  chiefly  upon  the 
constituents  of  the  clay  from  which  they  are  made,  the  red  color 
of  the  common  bricks  being  caused  by  the  presence  of  iron. 
However,  the  color  of  bricks  made  from  any  particular  clay  is 
indicative  of  the  thoroughness  of  burning,  the  darker  colors 
indicating  well  burned  brick. 

The  strength  of  brick  depends  upon  the  character  of  the  clay 
or  shale  from  which  it  is  made  and  the  skill  used  in  the  manufac- 
ture. The  compressive  strength  of  brick  laid  flatwise  ranges 
from  2,000  to  12,000  lb.  per  square  inch,  although  very  poor  brick 
may  be  below  this  limit  and  very  good  brick  above.  Well  burned 
brick  is  about  three  times  as  strong  as  underburned  brick  from 
the  same  material.  Bricks  tested  edgewise  and  endwise  gave  80 
and  60  per  cent  respectively  as  great  strengths  as  when  tested 
flatwise.  Brick  soaked  in  water  gave  about  85  per  cent  as  great 
strength  as  when  dry.  The  modulus  of  rupture  ranges  from  10  to 
20  per  cent  of  the  crushing  strength,  while  the  tensile  strength  is 
about  10  per  cent  and  the  shearing  strength  about  one  third  of 
the  compresssive  strength.  Sand  lime  brick  tested  at  Water- 
town  Arsenal  gave  a  compressive  strength  of  6,400  to  7,500  lb.  per 
square  inch. 

The  absorption  of  brick  depends  upon  the  clay  used,  the  skill 
of  manufacture  and  the  thoroughness  of  burning.    In  general,  the 
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better  brick  has  a  low  absorption,  although  there  are  exceptions 
to  this  rule.  Soft  mud  and  salmon  brick  sometimes  absorb  as 
high  as  20  to  30  per  cent  of  water,  while  good  body  brick  absorb 
about  0.5  to  5.0  per  cent. 

The  specific  gravity  of  brick  varies  from  about  1.5  to  2.2, 
depending  upon  the  materials  from  which  it  is  made  and  the 
degree  of  compression  and  the  burning  in  the  manufacture. 
Brick  masonry  weights  about  115  to  145  lb.  per  cubic  foot. 

Method  of  Laying  Brick  Masonry. — Brick  masonry  is  laid  with 
joints  about  34  to  }^  in.  thick  for  common  brick  and  about  }i  m- 
for  pressed  brick.  The  function  of  the  mortar  is  to  fill  the  space 
between  the  bricks  and  to  eliminate  the  effects  of  unevenness 
and  secure  uniformity  of  distribution  of  the  pressures  so  far  as 
possible.  Where  cement  mortar  of  good  quality  is  used,  thick 
joints  are  not  objectionable  so  far  as  strength  is  concerned 
but  they  may  impair  the  appearance  of  the  wall. 

It  is  always  best  to  dip  bricks  that  are  especially  porous  in 
water  before  laying  in  order  that  they  may  not  absorb  the  water 
from  the  mortar  thereby  rendering  it  friable.  The  bricks  should 
be  pressed  firmly  into  place  so  that  the  mortar  will  form  an  even 
bed  and  be  squeezed  into  the  interstices  between  the  bricks.  The 
best  results  are  obtained  when  the  bricks  are  laid  with  a  shove 
joint,  i.e.,  the  brick  is  laid  slightly  away  from  its  final  position 
and  shoved  into  place.  However,  to  specify  "filled"  or  "shove" 
joints  will  add  appreciably  to  the  cost  of  the  work  and  this  addi- 
tional expenditure  is  not  always  justified.  The  joints  should  be 
filled  by  slushing  in  the  mortar  from  the  trowel,  the  tendency 
on  the  part  of  masons  being  to  use  too  little  mortar  by  merely 
"buttering"  the  ends  thereby  leaving  joints  only  partially  filled. 

The  following  precautions  should  be  followed  in  laying  brick 
masonry  in  'order  to  secure  good  results : 

1.  Lay  the  brick  in  a  full  bed  of  mortar. 

2.  Shove  the  brick  into  place  and  apply  sufficient  pressure  to  bed  firmly. 

3.  Keep  all  leads  and  corners  plumb. 

4.  Slush  the  joints  full  of  mortar. 

5.  Use  good  mortar. 

6.  Put  in  plenty  of  headers. 

7.  Wet  all  brick  before  laying,  especially  if  dry  and  porous. 

8.  Strike  all  exposed  joints  neatly. 

The  bond  of  brickwork  is  the  arrangement  of  courses  for 
binding  the  wall  together  longitudinally  and  transversely.  It 
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consists  essentially  of  the  arrangement  of  stretchers  and  headers, 
i.e.,  bricks  parallel  and  perpendicular  respectively  to  the  face 
of  the  wall.  For  the  strongest  construction,  every  third  course 
should  be  headers,  and  in  all  high  class  work,  at  least  one  course 
in  five  should  be  headers.    Common  bond  consists  of  one  course 
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Fig.  6. — Methods  of  Pointing  Brick  Masonry. 

of  headers  to  four  to  seven  of  stretchers;  in  English  bond,  headers 
and  stretchers  are  laid  in  alternate  courses ;  in  Flemish  bond,  every 


Fig.  7. — Manner  of  Laying  Brick  with  Common  Bond. 

alternate  brick  is  a  header.  In  thick  walls,  the  headers  should 
be  lapped  and  carried  through  the  wall  from  face  to  back.  In 
running  bond,  the  face  of  the  wall  consists  entirely  of  stretchers 
which  break  joints  at  the  middle.  Owing  to  the  absence  of 
headers,  running  bond  is  locking  in  strength. 

In  Fig.  6  are  shown  the  various  ways  of  finishing  the  joints,  as 
(A)  struck  joint,  (B)  weathered  joint,  (C)  flush  of  plain  joint, 
(D)  raked  joint,  (E)  stripped  joint,  (F)  "V"  joint,  (G)  concave 
joint. 

Figure  7  shows  the  manner  of  laying  a  12  in.  wall  with  com- 
mon bond. 
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Table  III. — Tests  of  Brick  Columns.    Average  Values1 


Characteristics  of  columns 


Ratio 

Av.  load 

str.  of 

lb./sq. 

col.  to 

in. 

str.  of 

brick 

Ratio 
str.  of 
col.  to 
mortar 


Shale  Building  Brick 


1. 

Well  laid,  1-3  portland  cement 

mortar,  67  days  

3,365 

0 

31 

2,870 

1 

17 

2. 

Well  laid,  1-3  portland  cement 

mortar,  6  months  

3,950 

0 

37 

3 

Well  laid,  1-3  portland  cement 

mortar,  eccentrically  loaded,  68 

days  

2,800 

0 

26 

4. 

Poorly  laid,  1-3  portland  cement 

mortar,  67  days  

2,920 

0 

27 

2,870 

1 

05 

5. 

Well  laid,  1-5  portland  cement 

mortar,  65  days  

2,225 

0 

21 

1,710 

1 

30 

G. 

Well  laid,  1-3  natural  cement  mor- 

tar, 67  days  

1,750 

0 

16 

305 

5 

75 

7. 

Well  laid,  1-2  lime  mortar,  66  days 

1,450 

0 

14 

Underburned  Clay  Brick 

8. 

Well  laid,  1-3  portland  cement 

mortar,  63  davs  

1,060 

0 

27 

2,870 

0 

37 

Strength  of  Brick  Masonry. — The  strength  of  brick  masonry- 
depends  upon  the  quality  of  the  brick,  the  kind  of  mortar  used, 
and  the  manner  of  laying  the  brick.  With  good  cement  mortar, 
the  adhesion  of  the  mortar  to  the  brick  should  be  sufficient  to 
break  the  brick  in  failure.  The  relative  strengths  of  brick 
masonry  as  affected  by  the  mortar  were  as  follows  in  tests  made 
at  the  Watertown  Arsenal:2 


Mortar 


Per  cent 
of  strength 
of  brick 


Per  cent 
of  strength 
with  neat 
cement  mortar 


Neat  portland  cement  mortar 
1  portland  cement  to  2  sand. . 
1  portland  cement  to  3  sand. . 
1  natural  cement  to  2  sand. . . 
1  natural  cement  to  3  sand. . . 


100 
90 
80 
60 
45 


1  Univ.  of  Illinois,  Eng.  Exp.  Sta.  Bull.  27. 

2  "Tests  of  Metals,  etc.,"  1884. 
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Table  III  shows  the  results  of  a  number  of  tests  of  brick  columns 
as  to  crushing  strength,  the  effect  of  mortar  and  the  quality  of 
the  brick.  A  committee  of  architects  and  engineers  of  Chicago, 
in  1908,  recommended  the  following  values  of  safe  bearing  strength 
for  the  building  laws  of  that  city:1 

Lb.  per 

Sq.  In. 


Paving  brick  with  1 : 3  portland  cement  mortar   350 

Brick  with  strength  of  5,000  lb.  per  square  inch  ditto  mortar. . .  250 

Brick,  2,500  lb.  per  sq.  in.,  ditto  mortar   200 

Brick,  1,800  lb.  per  sq.  in.,  ditto  mortar   175 

Brick,  ditto  with  1:3  natural  cement  mortar   150 

Brick,  ditto  with  lime  and  cement  mortar   125 

Brick,  ditto  with  lime  mortar   100 


These  values  are  very  conservative  in  view  of  the  tests  that 
have  been  made  and  the  pressures  that  are  commonly  known  to 
exist  in  structures. 

Tests  made  at  the  Watertown  Arsenal  showed  brick  columns 
to  have  a  modulus  of  elasticity  of  1,000,000,  to  6,000,000  lb.  per 
square  inch.  The  strength  of  a  brick  column  may  be  taken  as 
S 

P  =  ^—7'  where  Pi  is  the  allowable  load  in  lb.  per  square 

1  +  -  - 

inch,  S,  the  strength  of  a  prism  in  lb.  per  square  inch,  h  is  the 
height  and  b  the  width  of  the  column. 

Corbeling  Action  of  Brick  Masonry. — A  corbel  is  a  piece  of 
stone,  brick,  wood  or  other  material  that  has  one  end  imbedded 
in  a  wall  while  the  other  end  projects  beyond  the  face  of  the  wall. 
Its  structural  use  is  to  furnish  support  to  members  above  it,  and 
it  may  consist  of  one  integral  block  or  a  unit  composed  of  several 
blocks.  The  structural  behavior  is  essentially  that  of  a  canti- 
lever, its  strength  being  determined  by  its  resistance  in  shear  and 
flexure.  The  stresses  induced  in  a  wall  due  to  a  load  placed  on  a 
corbel  are  not  capable  of  exact  determination,  but  the  most  plausi- 
ble assumption  as  to  the  stress  distribution  is  a  uniformly  vary- 
ing stress  from  the  face  of  the  wall  to  the  depth  of  embedment 

When  brick  masonry  is  laid  on  a  lintel  over  a  window  or  other 
opening,  the  brickwork  above  will  be  self-supporting  to  a  certain 
extent  due  to  the  corbeling  action  of  the  brick.  Sometimes  a 
stone  lintel  is  relieved  by  building  an  arch  in  the  wall  over  the 

1  "Am.  Civil  Engineers'  Pocket  Book,"  p.  523. 
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opening,  in  which  case  the  lintel  supports  only  the  part  of  the  wall 
filled  in  between  the  lintel  and  the  arch,  called  the  tympanum. 
A  flat  or  "jack"  arch,  Fig.  8,  is  weak  and  should  not  be  used 
unsupported  for  spans  exceeding  2  ft.  When,  however,  the  full 
pressure  of  the  superimposed  masonry  is  not  relieved,  the  ques- 
tion as  to  the  amount  of  the  load  that  is  borne  by  the  lintel  must 


Fig.  8. 


Fig.  9. — Masonry  supported  by  a  lintel. 

be  determined.  The  line  of  separation  between  the  bricks  that  are 
self-supporting  by  corbeling  action  and  those  that  are  supported 
by  the  lintel  is  illustrated  in  Fig.  9,  the  portion  below  the 
heavy  line  being  carried  by  the  lintel.  With  brick  of  ordinary 
size,  this  line  would  have  approximately  a  2:1  slope,  making  the 
height  of  the  triangle  one  fourth  of  the  span.  However,  it  is  cus- 
tomary by  some  engineers  to  allow  from  one-half  to  two-thirds 
the  span  as  the  height  of  this  triangle. 
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The  modulus  of  rupture  of  brick  masonry  in  transverse  flexure 
is  small,  tests  made  at  the  University  of  Illinois  showing  about 
90  lb.  per  square  inch  for  1:3  portland  cement  mortar  and  the 
shear  strength  is  about  5  per  cent  of  the  compressive  strength  of 
the  brick. 

Buttressed  Walls. — In  large  buildings  such  as  churches, 
armories,  gymnasia,  etc.  where  the  walls  are  of  considerable 
height  unsupported  laterally  by  floors, 
and  where  they  support  roof  trusses 
which  may  bring  some  outward  thrust 
on  the  walls,  it  is  not  uncommon  prac- 
tice to  build  buttresses  along  the  exte- 
rior face  of  the  wall  opposite  the  support 
of  each  truss.  Such  buttresses  must  be 
carefully  bonded  into  the  wall  masonry 
so  that  they  will  act  as  an  integral  part 
of  the  wall  and  not  as  a  separate  pilas- 
ter or  column.  The  determination  of 
the  pressures  and  resultant  stresses 
involves  merely  the  successive  com- 
bination of  the  forces  acting,  beginning 
at  the  top  with  the  thrust,  T,  from  the 
roof  truss  or  arch  and  going  down  to  the 
bottom,  combining  with  the  weights, 
Wiy  TT2,  etc.,  of  the  segments  of  the  but- 
tress, as  illustrated  in  Fig.  10.  The 
reaction  of  the  roof  truss  must  first  be 
determined  in  amount  and  direction  by 
the  usual  methods. 

Brick  Columns. — Brick  piers  and  col- 
umns may  be  used  satisfactorily  where 
they  sustain  central  loads  and  are  not 

subj  ected  to  bending  moment  from  any  source  that  will  produce  any 
considerable  amount  of  tension  in  the  masonry.  Tests  made  on 
two  large  piers,  about  4  ft.  square,  at  Watertown  Arsenal,  indicate 
that  large  brick  piers  give  essentially  the  same  unit  strength  as 
small  ones.  Piers  with  bricks  on  edge  and  carefully  broken  joints 
gave  57  per  cent  more  strength  that  with  the  bricks  laid  flatwise 
and  less  carefully  constructed  joints.  Tests  made  at  the  Univer- 
sity of  Illinois  showed1  that  stresses  caused  by  eccentric  loads  were 
1  Univ.  of  Illinois,  Eng.  Exp.  Sta.,  Bull.  27. 


Fig. 


10. — Line  of  thrust  in  a 
buttressed  wall. 
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essentially  as  indicated  by  the  theoretical  formula  (for  piers  of 

P 

rectangular  cross  section):  S  —      (1  ±  Qe/d)  where  S  is  the 

stress  in  the  extreme  fibre,  P  the  load  applied,  A  the  area  of 
the  cross  section,  e  the  eccentricity  of  the  load,  and  d  the 
lateral  dimension  in  the  direction  of  the  eccentricity.  Even  a 
small  amount  of  eccentricity,  such  as  may  be  caused  by  the 
deflection  of  a  beam  or  slab  supported  on  the  pier,  may  result  in 
greatly  increased  stresses. 

In  1916,  a  school  house  at  Roxbury,  Mass.,  failed  and  an  investi- 
gation into  the  causes  of  the  failure  indicated1  that  the  deflection 
of  the  reinforced  concrete  slabs  which  were  supported  by  the 
piers  resulted  in  the  failure  of  the  latter,  due  probably  to  the 
eccentricity  caused  by  the  deflection.  Tension  in  brick  masonry 
should  not  in  general  be  depended  upon  to  aid  in  withstanding 
flexural  stresses,  and  where  necessary  to  allow  tensile  stress  to 
obtain,  not  more  than  20  to  25  lb.  per  square  inch  should  be 
counted  on  even  under  the  most  favorable  conditions,  for  the 
modulus  of  rupture  does  not  exceed  100  lb.  per  square  inch. 

Efflorescence. — Efflorescence  is  the  whitish  deposit  of  salts 
which  frequently  appears  on  brick  and  other  masonry  due  to  the 
evaporation  of  the  water  containing  these  salts  in  solution. 
These  salts  may  dissolve  out  of  the  mortar  or  they  may  come  up 
by  capillarity  from  the  ground.  As  the  water  evaporates  at  the 
surface,  the  salts  crystallize  usually  and  form  the  whitish  deposit. 
Any  salts  that  may  be  present  may  be  thus  deposited,  although 
the  most  common  ones  are  the  sulphates,  carbonates  and  chlorides 
of  sodium,  potassium  and  magnesium.  The  chief  effect  of 
efflorescence  is  to  disfigure  the  wall  surface,  although  the  crystalli- 
zation of  the  salts  may  tend  to  disintegrate  the  brick  surface  due 
to  expansion  in  the  pores  of  the  brick. 

Efflorescence  can  be  prevented  by  using  materials  containing 
a  minimum  of  soluble  salts  and  by  making  the  masonry  water- 
proof. Since  most  of  the  efflorescence  is  derived  from  the  mortar, 
care  should  be  exercised  to  secure  a  mortar  free  from  these  salts. 
In  waterproofing  masonry,  "Sylvester's  Washes"  have  been 
used  with  good  results.  These  consist  of  two  washes  or  solutions 
for  covering  the  surface  of  the  walls,  the  first  composed  of  castile 
soap  lb.  to  the  gal.  of  water)  and  the  second  of  alum  (3^  lb. 
to  the  gal.  of  water),  the  first  being  applied  on  the  dry  wall  fol- 

1  Engineering  Record,  Sept.  2,  1916. 
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lowed  by  the  second  24  hours  later.  Coating  the  surface  of  the 
masonry  below  the  ground  with  a  waterproof  paint  will  also  have 
a  beneficial  effect. 

Efflorescence  will  usually  disappear  in  time,  being  washed 
away  by  rain  water  and  blown  away  by  the  wind.  It  can  be 
removed  by  scrubbing  with  a  wire  brush  and  dilute  muriatic 
acid,  one  part  commercial  muriatic  acid  to  five  of  water. 

C.  Hollow  Blocks  and  Stucco 

Concrete  Building  Blocks. — Concrete  blocks  are  made  in  the 
improved  processes  by  subjecting  a  mixture  of  wet  concrete  com- 
posed of  fine  materials  to  a  pressure  so  that  a  dense,  hard, 
artificial  stone  results.  With  a  well  graded  aggregate,  the  propor- 
tions of  one  cement  to  five  or  six  of  well  graded  fine  aggregate 
is  satisfactory  for  many  purposes,  but  a  1:4  mixture  should  be 
used  where  greater  strength  is  required.  The  blocks  can  be  made 
somewhat  more  impervious  by  adding  hydrated  lime  to  the  mix- 
ture, satisfactory  proportions  being  l}i  cement,  Y%  hydrated 
lime  and  6  aggregate. 

In  the  manufacture  of  concrete  blocks,  a  moderately  wet 
mixture  seems  to  give  better  results  than  a  dry  consistency. 
By  one  process,  in  which  a  high  pressure  is  placed  on  the  blocks, 
the  latter  are  removed  to  the  curing  racks  immediately  after 
molding,  where  they  are  allowed  to  attain  their  final  hardness 
in  a  moist  condition  under  a  continuous  spray.  Blocks  made 
from  a  dry  mixture  are  likely  to  be  friable  and  porous. 

The  recommended  practice  for  concrete  stone  and  building 
blocks  of  the  American  Concrete  Institute1  specifies  that  the 
ideal  aggregate  shall  be  clean,  coarse,  hard,  and  durable,  free 
from  dust,  soft,  flat  or  elongated  particles,  loam,  organic,  or  other 
deleterious  matter.  The  fine  aggregate  should  consist  of  sand 
or  stone  screenings,  preferably  of  a  silicious  material,  graded  from 
fine  to  coarse,  passing  when  dry  a  screen  and  having  not 

more  than  20  per  cent  passing  a  50-mesh  screen  nor  more  than  6  per 
cent  passing  the  100-mesh  screen.  The  coarse  aggregate  should 
consist  of  gravel  or  crushed  stone  retained  on  a  screen  and 

having  no  particle  larger  than  one-half  the  minimum  thickness  of 
the  block.  Where  coloring  is  to  be  used,  only  durable  mineral 
ingredients  should  be  employed  and  they  should  be  considered  as 
so  much  aggregate  in  proportioning  the  materials. 

1  Proc.  Amer.  Concrete  Inst.,  vol.  8,  p.  703. 
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Concrete  blocks  should  be  cured  by  protecting  them  from  the 
direct  rays  of  the  sun  and  from  strong  air  currents  for  at  least 
seven  days.  During  this  period  they  should  be  sprinkled  at' inter- 
vals to  prevent  undue  drying.  After  seven  days,  they  may  be 
removed  to  the  storage  yard,  but  they  should  not  be  used  before 
they  are  at  least  21  days  old. 

The  compressive  strength  of  hollow  concrete  blocks  should 
average  not  less  at  28  days  than  1,000  lb.  per  square  inch  on  the 
gross  section  as  it  would  be  laid  in  the  wall,  and  should  not  fall 
below  700  lb.  per  square  inch  in  any  particular  test.  This  will 
require  a  much  higher  strength  in  the  net  section  of  the  block, 
since  the  gross  section  includes  about  20  to  50  per  cent  of  hollow 
space  (usually  about  30  per  cent).  The  per  cent  absorption 
should  not  exceed  5  per  cent.  The  processes  of  manufacture 
vary  so  widely  that  data  on  specific  tests  are  of  but  little  value,  but 
the  above  specified  figures  represent  average  results  for  good 
materials.1  Usually,  however,  concrete  blocks  are  employed 
where  high  strength  is  of  secondary  importance,  other  qualities 
such  as  dampproofing,  low  thermal  conductivity,  low  main- 
tenance costs,  fireproofing,  etc.  being  the  determining  factors 
in  making  the  choice  of  the  materials. 

Masonry  of  concrete  blocks  should  be  laid  similarly  to  that 
constructed  of  brick  or  stone,  care  being  exercised  to  secure 
adequate  bond,  good  joints  and  bedding. 

One  of  the  chief  objections  to  concrete  blocks  as  a  substitute 
for  natural  stone  is  the  monotonous  appearance  of  the  wall  due 
to  the  uniformity  of  the  blocks.  Concrete  blocks  should  not  be 
molded  to  simulate  other  forms  of  masonry,  such  as  pitched  stone, 
for  such  practice  violates  the  essential  element  of  good  archi- 
tecture, namely  sincerity  and  truth.  Concrete  has  a  character  of 
its  own  which  should  be  utilized  in  the  design  of  structures  where 
this  material  is  employed.  A  proper  choice  of  aggregates  for 
facing,  such  as  variegated  granites  and  marbles,  etc.,  with  some 
form  of  treatment  of  the  surface  in  order  to  bring  out  this  char- 
acter produces  very  pleasing  results.  The  surface  treatments 
most  commonly  employed  are  brushing  and  scrubbing,  acid  wash, 
water  spraying,  grinding  and  tooling. 

Brushing  and  scrubbing  is  done  with  either  a  stiff  fiber  or  a 
wire  brush  while  the  concrete  is  green  but  sufficiently  hard  to 
prevent  the  particles  from  being  dislodged.  Acid  wash  is  accom- 
1  U.  S.  Bureau  of  Standards,  Bull.  58. 
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plished  by  washing  with  dilute  muriatic  acid  applied  with  an 
ordinary  scrubbing  brush,  and  then  thoroughly  rinsed,  thus  pro- 
ducing an  etching  effect.  Water  spraying  is  done  with  a  fine 
spray  or  "fog  nozzle,"  the  spray  being  applied  as  soon  as  the 
blocks  are  formed.  The  washing  should  be  carefully  done  to 
avoid  removing  the  surface  material  Tooling  is  done  by  chip- 
ping, pointing,  chiseling,  bush  hammering,  etc.,  as  in  the  case  of 
natural  stone. 

By  these  methods,  concrete  blocks  can  be  made  to  yield  a 
very  satisfactory  building  material  at  a  reasonable  cost.  The 
cost  of  treatment  varies  so  greatly  with  conditions  that  it  is 
impracticable  to  give  any  cost  data  that  will  be  at  all  significant. 

Where  stucco  or  plaster  is  to  be  placed  on  concrete  blocks, 
the  surface  should  be  corrugated  in  order  to  secure  a  good  bond. 
Previously  to  applying  the  stucco,  the  joints  should  be  raked  out 
and  the  surface  of  the  blocks  brushed  free  from  loose  particles  and 
then  wet  down  and  should  be  moist  when  the  stucco  is  applied. 

Terra  Cotta  Masonry. — Terra  cotta  is  a  clay  product  made  in 
a  manner  similar  to  that  used  in  making  brick  and  tile,  except 
that  a  finer  and  more  homogeneous  clay  mixture  is  used.  Special 
colors  are  obtained  by  the  use  of  clays  of  special  composition, 
a  mottled  effect  being  secured  by  piling  these  special  clays  in 
layers  and  cutting  them  down. 

Two  different  types  of  products  are  made  and  classed  as  terra 
cotta,  viz.,  decorative  terra  cotta  and  terra  cotta  building  blocks, 
or  terra  cotta  lumber.  The  former  consists  of  very  dense  hard 
tile  used  for  architectural  purposes,  and  is  generally  given  a  dull 
finish  by  the  application  of  a  coating  before  burning.  The  second 
class  of  terra  cotta  is  structurally  the  more  important,  not  being 
intended  at  all  for  ornamental  purposes  but  for  structural  uses 
only.  It  is  classed  as  porous,  semi-porous  and  dense,  the  first  two 
containing  about  30  and  20  per  cent  respectively  of  sawdust  or 
finely  chopped  straw  in  the  raw  clay  mixture  before  burning, 
which  is  burned  out  in  the  kiln.  Practically  all  terra  cotta 
lumber  is  made  with  walls  about  %  to  1  in.  thick.  The  compres- 
sive strength  for  the  porous  and  semi-porous  terra  cotta  averages 
about  3,000  to  5,000  lb.  per  square  inch  on  the  net  section,  while 
the  dense  terra  cotta  averages  about  5,000  to  6,000  lb.  per  square 
inch,  and  about  80  per  cent  as  much  on  the  gross  section.1 

In  laying  terra  cotta  masonry,  care  should  be  exercised  to 

1  Univ.  of  Illinois,  Eng.  Exp.  Sta.,  Bull.  27. 
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have  the  adjoining  tile  walls  and  partitions  butt  fairly  and  solidly 
against  each  other.  The  mortar  joints  should  not  be  over  %  in. 
thick  and  are  made  with  the  same  grade  of  mortar  and  in  the  same 
general  manner  as  for  brick  masonry.  The  blocks  are  sometimes 
laid  with  the  ducts  or  hollow  spaces  running  vertically,  but  the 
better  practice  is  to  lay  the  ducts  horizontally. 

Tests  of  terra  cotta  columns  made  at  the  University  of  Illinois 
gave  strengths  of  2,700  to  3,700  lb.  per  square  inch  on  the  gross 
section,  and  a  modulus  of  elasticity  of  2,000,000  to  3,000,000  lb. 
per  square  inch.  The  tests  showed  no  appreciable  difference  in 
strength  due  to  a  difference  in  size  of  columns,  and  a  general 
behavior  under  eccentric  loads  similar  to  that  of  brick  columns, 
the  actual  stresses  corresponding  closely  to  those  calculated  by 
the  theoretical  formulas.  The  columns  in  which  the  richer 
mortar  was  used  developed  the  greater  strength. 

Terra  cotta  blocks  for  finished  outside  surfaces  have  a  char- 
acteristic tendency  to  unevenness,  so  that  for  masonry  work 
where  appearance  is  an  important  consideration,  rigid  inspection 
must  be  followed  and  a  large  percentage  of  rejection  expected. 

Stucco. — Stucco  consists  of  a  plaster  of  cement  or  gypsum 
combined  with  sand,  fine  gravel,  or  stone  chips  placed  on  some 
surface.  Usually  stucco  is  placed  on  hollow  building  tile  or  on 
a  steel  mesh,  either  wire  or  expanded  metal.  In  general,  stucco 
is  most  suitable  for  plain  walls,  since  stuccoed  cornices,  copings  and 
other  angular  projections  are  likely  to  crack  and  to  deteriorate 
more  rapidly  than  are  plain  surfaces. 

The  chief  difficulty  arising  from  stucco  walls  is  the  crazing 
or  map  cracking  of  the  surface.  Lean  mixtures  have  been  used 
successfully  to  prevent  this  defect,  but  the  additional  work 
required  because  of  the  lack  of  plasticity  made  the  construction 
expensive.1  The  contraction  which  produces  this  cracking  is 
chiefly  in  the  cement,  hence,  minimizing  the  cement  content  is 
desirable.  A  careful  gradation  of  the  aggregate  which  will 
permit  the  leanest  practicable  mixture  should  be  obtained. 
Practical  proportions  are  1:3  to  \'AXA-  Hydrated  lime  up  to 
20  per  cent  of  the  volume  of  the  cement  can  be  used  advantage- 
ously. Stucco  should  be  kept  moist  by  spraying  with  a  "fog 
nozzle"  for  at  least  24  hours  after  placing. 

Various  modes  of  finishing  stucco  have  been  used.  A  stippled 
finish  is  effected  by  troweling  smooth  and  patting  lightly  with  a 

1  Proc.  Amer.  Concrete  Inst.,  vol.  16,  p.  73. 
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coarse  brush.  A  sand  sprayed  finish  may  be  secured  by  swishing 
on  with  a  broom  a  covering  of  grout  consisting  of  equal  parts  of 
cement  and  sand.  A  spatter  dash  finish  is  accomplished  by 
throwing  a  mixture  of  cement  and  sand  or  screenings  (about  1 : 3) 
against  the  surface  until  it  appears  to  be  uniformly  placed. 
Pebble  dash  is  accomplished  by  throwing  fine  clean  pebbles 
against  the  green  surface  until  they  are  imbedded  in  the  surface. 
They  should  be  distributed  uniformly,  by  means  of  a  trowel, 
where  necessary,  but  no  troweling  should  be  done  after  the 
pebbles  are  in  place.  Where  special  aggregates  are  used,  a 
surface  of  exposed  aggregates  may  be  obtained  by  scrubbing  the 
surface  with  a  stiff  brush  and  water  within  24  hours  after  the 
stucco  is  placed.  In  the  event  the  stucco  has  hardened,  weak 
muriatic  acid  may  be  used  instead  of  water  in  scrubbing. 

Special  coloring  of  stucco  may  be  secured  by  selecting  colored 
aggregates  or  by  the  introduction  of  some  mineral  pigment. 
Where  colored  aggregates  are  used,  brushing  of  the  finished 
surface  will  be  required  to  bring  out  the  color  effects. 

When  it  is  required  that  any  of  the  above  finishes  should  be 
made  with  colored  mortar  not  more  than  10  per  cent  of  the  weight 
of  portland  cement  should  be  added  to  the  mortar  in  the  form  of 
finely  ground  mineral  coloring  matter. 

Table  IV. — Table  of  Colors  to  be  Used  in  Portland  Cement  Stucco 


Color  desired 


Commercial  names  of 
color  for  use  in 
cement 


Pounds  of  color 
required  for 
each  bag  of 
cement  to 


secure 


Light  Medium 
shade  shade 


Blue  shade.  

Brownish-red  to  dull  brick  red 

Bright  red  to  vermilion  

Red  sandstone  to  purplish-red 

Brown  to  reddish-brown  

Buff,  colonial  tint  and  yellow. 
Green  shade  


Grays,  blue-black  and  black. . 


Germantown  lampblack. 

Carbon  black. . .  .'  

Black  oxide  of  manganese 

Ultramarine  blue  

Red  oxide  of  iron  

Mineral  turkey  red  

Indian  red  

Metallic  brown  (oxide).  . 

Yellow  ochre  

Chromium  oxide  


1 

5 
5 
5 
5 
5 
5 
5 


1 
1 
2 
10 
10 
10 
10 
10 
10 
10 


56    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 

A  predetermined  weight  of  color  should  be  added  dry  to 
each  batch  of  dry  fine  aggregate  before  the  cement  is  added. 
The  color  and  fine  aggregate  should  be  mixed  together  and  then 
the  cement  mixed  in.  The  whole  should  then  be  thoroughly 
mixed  dry  by  shoveling  from  one  pile  to  another  through  a 
mesh  wire  screen  until  the  entire  batch  is  of  uniform  color. 
Water  should  then  be  added  to  bring  the  mortar  to  a  proper 
plastering  consistency. 


CHAPTER  III 


PLAIN  CONCRETE 

Nature  of  Concrete. — Hydraulic  cement  concrete  is  an  artifi- 
cial stone  consisting  of  fragments  of  natural  stone  or  of  other 
material  cemented  together  by  means  of  hydraulic  cement  paste. 
In  order  to  secure  a  concrete  of  maximum  density  and  strength 
with  given  materials  and  proportions,  it  is  necessary  to  secure  a 
proper  gradation  of  the  fragments  of  stone,  and  to  accomplish 
this,  the  fragments  are  commonly  classed  according  to  size  of 
particles  as  (a)  coarse  aggregate,  consisting  of  particles  larger 
than  about  34  in.  and  (b)  fine  aggregate,  consisting  of  particles 
finer  than  about  }i  in.  As  a  matter  of  fact,  practically,  coarse 
aggregate  as  obtained  almost  always  contains  a  considerable 
amount  of  fine  aggregate,  and  the  fine  aggregate  usually  contains 
some  coarse  particles.  However,  the  division  is  a  convenient  one 
and  will  be  preserved  in  the  present  discussion.  The  elements 
which  enter  into  the  making  of  concrete  are,  then,  (1)  hydraulic 
cement,  (2)  water,  (3)  fine  aggregate,  (4)  coarse  aggregate, 
(5)  proper  proportioning,  and  (6)  skill  in  fabrication. 

The  coarse  aggregate  may  consist  of  crushed  rock,  gravel,  or 
other  suitable  material  while  the  fine  aggregate  may  be  sand  or 
finely  crushed  rock  such  as  stone  screenings.  Theoretically, 
the  cement  paste  coats  the  grains  of  the  fine  aggregate  making  a 
mortar  and  this  mortar  is  used  in  sufficient  amount  to  fill  the 
voids  or  interstitial  space  of  the  coarse  aggregate.  If  there  were 
no  overlapping  of  sizes  between  the  fine  and  coarse  aggregate, 
concrete  might  properly  be  considered  as  a  rubble  consisting  of 
irregular  fragments  of  stone  with  the  interstitial  spaces  filled 
with  mortar.  However,  under  practical  conditions,  the  coarse 
aggregate  contains  a  considerable  amount  of  fine  particles  which 
enter  into  the  mortar  matrix  and  thereby  alter  the  character  of 
the  mortar  which  results  from  mixing  the  cement  paste  and  fine 
aggregate.  The  entire  mass  forms  an  artificial  stone  much  as 
conglomerates,  granites  or  other  natural  composite  stones  are 
formed,  except  that  in  the  latter,  silica,  iron  oxide,  or  other  sub- 
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stances  form  the  cementing  material  instead  of  hydraulic  cement 
paste. 

The  factors  which  affect  the  quality  of  concrete  are  (1)  the 
quality  of  the  cement,  (2)  the  character  and  gradation  of  the 
aggregates,  (3)  the  proportions  of  cement  to  aggregates,  (4) 
the  amount  of  water  used,  and  (5)  the  skill  of  workmanship 
in  the  fabrication. 

Concrete  is  not  a  material  manufactured  under  conditions  of 
nice  laboratory  control  as  is  steel,  bronze,  and  most  other 
engineering  materials,  and  owing  to  the  fact  that  its  fabrication 
appears  simple  and  unscientific,  much  concrete  that  has  been 
used  has  been  of  poor  quality.  As  a  matter  of  fact,  with  concrete 
as  with  most  materials,  intelligent  skill  in  fabrication  yields  large 
returns  in  quality  of  the  product.  Within  comparatively  recent 
years,  indeed,  studies  in  the  properties  of  the  ingredients,  in 
proportioning,  and  in  the  manner  of  mixing  have  changed  the 
process  from  one  of  merely  handling  the  materials  by  unskilled 
labor  to  a  procedure  of  craftsmanship,  and  have  changed  the 
product  when  thus  fabricated  from  a  more  or  less  haphazard  com- 
bination of  a  certain  dry  powder  with  water  and  whatever  sand 
and  stone  happened  to  be  at  hand,  to  a  scientifically  wrought 
engineering  material  requiring  scientific  knowledge  for  its  success- 
ful manipulation,  whose  properties  can  be  pre-determined  with 
a  fair  degree  of  precision,  having  given  the  properties  of  the 
ingredients. 

Hydraulic  Cements. — Hydraulic  cements  are  so  called  because 
of  their  property  of  setting  and  hardening  under  water  in  the 
absence  of  air,  as  distinguished  from  lime,  which  hardens  only 
in  the  presence  of  air,  as  explained  in  the  last  chapter.  In  either 
case,  a  new  substance  is  formed  as  the  material  hardens,  in  the 
case  of  lime  air  being  essential  to  the  formation  of  this  new  sub- 
stance, i.e.,  calcium  carbonate,  while  in  the  case  of  the  hydraulic 
cements,  water  alone  with  the  active  ingredients  of  the  cement  is 
sufficient  to  form  the  new  stone-like  substance. 

The  behavior  of  the  different  cements  depends  largely  upon 
the  character  and  composition  of  the  raw  materials  from  which 
they  are  made,  the  chief  factor  being  the  amount  of  argillaceous 
and  siliceous  material  contained,  i.e.,  the  amount  of  alumina 
(A1203)  and  silica  (Si02),  these  constituting  more  than  20  per  cent 
in  hydraulic  cement,  between  20  and  10  per  cent  for  hydraulic 
lime,  and  less  than  10  per  cent  for  quick  lime.    The  remainder 
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of  the  composition  is  chiefly  calcareous  in  any  case,  the  raw  mate- 
rial consisting  chiefly  of  limestone.  Hydraulic  lime  thus  lies 
between  quick  lime  and  hydraulic  cement  in  its  composition,  and 
may  be  expected  to  be  intermediate  in  its  behavior,  as  in  fact  it  is. 
These  three  cementing  substances  may,  therefore,  be  roughly 
characterized  in  outline  as  follows: 

Quick  lime 

1.  Contains  less  than  10  per  cent  argillaceous  material. 

2.  Slakes  with  water  but  does  not  set  under  water. 
Hydraulic  lime 

1.  Contains  between  10  and  20  per  cent  argillaceous  material. 

2.  Both  slakes  and  sets  with  water. 
Hydraulic  cement 

1.  Contains  20  to  35  per  cent  argillaceous  material. 

2.  Sets  but  does  not  slake  with  water. 

Hydraulic  cements  include  portland,  natural,  slag  and  pozzuo- 
lan  cements,  the  most  important  of  which  is  portland  cement. 

Portland  Cement. — Portland  cement  is  manufactured  by 
grinding  a  carefully  adjusted  mixture  of  limestone  and  argillace- 
ous material  to  a  powder,  burning  it  to  a  clinker  and  then  grind- 
ing this  clinker  to  fine  powder,  usually  adding  a  small  amount  of 
gypsum  for  retarding  the  time  of  setting.  The  chief  difference 
between  portland  and  natural  cements  is  that  in  the  former  the 
raw  ingredients  are  artificially  proportioned  whereas  in  the  latter, 
the  raw  materials  are  used  as  they  occur  in  the  natural  beds.  In 
appearance,  portland  cement  is  a  mauve  or  steel  grey  while 
natural  cement  varies  from  yellow  to  buff.  The  specific  gravity 
of  portland  cement  is  about  3.10  to  3.15  while  that  of  natural 
cement  is  about  2.75  to  3.00.  Natural  cement  yields  a  mortar 
and  a  concrete  roughly  about  two-thirds  as  strong  as  those  from 
portland  cement. 

The  elemental  composition  of  portland  cement  is  approxi- 


mately as  follows: 

Per  Cent 

Silica  (Si02)   19  to  25 

Alumina  (A1203)   6     to  8.5 

Iron  (Fe203)   2.3  to  3.3 

Sulphuric  acid  (S03)   1 . 3  to  1 . 5 

Magnesia  (MgO)   0 . 5  to  3 . 0 

Lime  (CaO)   60  to  63 


The  principal  constituents  of  a  perfectly  burned  cement  clinker 
would  be  as  follows:1 

1  U.  S.  Bureau  of  Standards,  Tech.  Papers  43  and  78. 
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Per  Cent 


Tricalcium  silicate  (3CaO.Si02)  

Dicalcium  silicate  (2CaO.Si02)  

Tricalcium  aluminate  (3CaO.Al203)  

Minor  constituents  (Fe203,  MgO,  CaO,  Si02,  etc.) 


36 
33 
21 
10 


100 


When  the  above  substances  are  mixed  together  in  their  pure 
state,  a  cement  essentially  similar  to  portland  cement  results. 
The  tricalcium  silicate  is  apparently  the  most  active  and  impor- 
tant factor  in  giving  cementing  strength,  for  in  general,  a  slight 
preponderance  of  this  substance  improves  the  strength  of  the 
cement,  and  when  used  alone,  it  possesses  all  of  the  essential 
properties  of  portland  cement,  except  that  it  is  less  plastic  and 
sets  too  rapidly  to  be  used  alone.  Dicalcium  silicate  sets  more 
slowly  and  is  of  much  less  strength  value.  Underburning  of 
cement  causes  a  diminution  of  the  former  and  an  increase  of  the 
latter  ingredient.  In  general,  the  best  cements  contain  about 
equal  proportions  of  the  two  ingredients. 

The  setting  and  hardening  of  cement  is  due  to  the  hydration 
and  crystallization  of  the  chief  constituents,  tricalcium  aluminate, 
tricalcium  silicate  and  dicalcium  silicate,  and  certain  other  minor 
constituents,  all  of  which  exist  in  an  amorphous,  dehydrated 
condition  in  the  dry  cement  before  water  is  added.  When  water 
is  added  to  these  substances  to  the  extent  of  forming  a  saturated 
solution,  these  substances  form  an  amorphous  gel  or  colloidal 
mass  at  first,  which  later  crystallizes,  and  the  interlacing  of  the 
crystals  including  a  certain  amount  of  amorphous  material,  binds 
the  whole  together  into  a  rocklike  substance  as  the  materials 
harden.  An  excess  of  water  retards  or  tends  to  prevent  crystalli- 
zation because  crystallization  occurs  best  in  a  saturated  solution. 
Messrs.  Klein  and  Phillips1  thus  summarize  the  setting  action  of 
cement : 

"The  hydration  of  cements  is  thus  brought  about  by  the  formation  of 
amorphous  hydrated  tricalcium  aluminate  with  or  without  amorphous 
alumina,  the  aluminate  later  crystallizing.  At  the  same  time  sulpho- 
aluminate  (3CaO.A  203.3CaS04.36^H20)  crystals  are  formed,  and 
low  burned  or  finely  ground  lime  is  hydrated.  The  formation  of  the 
above  compounds  begins  within  a  short  time  after  the  cement  is  gauged. 
The  next  compound  to  react  is  tricalcium  silicate.  Its  hydration  may 
begin  within  24  hours  and  it  is  generally  completed  within  7  days. 

1  U.  S.  Bureau  of  Standards,  Bull.  43. 
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Between  7  and  28  days  the  amorphous  aluminate  commences  to  crystal- 
lize and  beta-orthosilicate  begins  to  hydrate.  Although  the  latter  is 
the  chief  constituent  of  American  portland  cements,  it  is  the  least 
reactive  compound.  The  early  strength  (24  hours)  of  cements  is 
probably  due  to  the  hydration  of  free  lime  and  the  aluminates.  The 
increase  in  strength  between  24  hours  and  7  days  depends  upon  the 
hydration  of  tricalcium  silicate,  although  the  further  hydration  of 
aluminates  may  contribute  somewhat.  The  increase  between  7  and  28 
days  is  due  to  the  hydration  of  beta-calcium  orthosilicate,  but  here  are 
encountered  opposing  forces,  in  the  hydration  of  any  high  burned  free 
lime  present  and  the  crystallization  of  the  aluminate.  It  is  to  this 
hydration  that  the  falling  off  of  strength  between  7  and  28  days  of  very 
high  burned  high  limed  cements  is  due,  whereas  the  decrease  shown  by 
the  high  alumina  cements  is  due  to  the  crystallization  of  the 
aluminate." 

The  initial  set,  so  called  and  distinguished  more  or  less  arbitrar- 
ily by  standard  tests,  marks  a  fairly  definite  stage  in  the  hydration 
of  cement  and  is  probably  due  to  the  initial  hydration  of  the 
aluminate,  while  the  final  set,  distinguished  by  other  arbitrarily 
fixed  tests,  marks  a  stage  somewhat  further  advanced  in  the 
hydration  and  crystallization  of  the  aluminate  and  the  early 
stages  of  hydration  of  the  tricalcium  silicate.  These  tests  are 
arbitrary  and  do  not  correspond  to  definite  stages  of  chemical  or 
crystallizing  action,  but  rather  constitute  a  measure  of  the  rate  of 
activity  of  the  cement,  indicating  a  slow  or  rapid  setting  cement. 

Tests  of  Cement. — Tests  of  cement  include  both  chemical  and 
physical. 

Chemical: 

1.  Loss  on  ignition, 

2.  Insoluble  residue, 

3.  Amount  of  sulphuric  anhydride, 

4.  The  magnesia  content ; 
Physical: 

1.  Fineness,  or  sieve  analysis, 

2.  Water  required  to  produce  normal  consistency, 

3.  Soundness,  or  constancy  of  volume  in  setting, 

4.  Time  of  setting,  or  rate  of  activity  in  setting, 

5.  Tensile  strength  of  mortar  briquettes, 

6.  Specific  gravity. 

The  chemical  tests  give  a  good  indication  of  the  probable 
behavior  of  the  cement  when  used  in  mortar  or  in  concrete,  but 
their  significance  is  not  absolutely  invariable. 
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The  fineness  test  indicates  the  thoroughness  of  grinding,  as 
only  the  finest  impalpable  dust  has  any  cementing  value. 

The  normal  consistency  is  a  plastic  consistency  that  can 
be  recognized  and  secured  in  the  laboratory,  and  is  defined  in 
terms  of  the  tests  used  to  determine  it. 

The  presence  of  an  undue  amount  of  unslaked  lime,  of  sul- 
phides and  other  substances  may  cause  cement  to  expand,  crack, 
warp  or  disintegrate,  hence,  the  test  for  soundness.  This  is  a 
very  important  test. 

The  time  of  setting  should  be  such  that  the  cement  will  not  set 
up  before  the  concrete  is  in  place  nor  should  it  be  unduly  delayed. 

The  tensile  strength  of  mortar  briquettes  is  taken  as  an  index 
of  the  adhesive  strength  of  the  cement,  and  indicates  the  strength 
of  the  mortar  or  of  the  paste  made  from  the  cement. 

The  specific  gravity  of  cement  in  a  general  way  indicates  the 
thoroughness  of  burning  and  presence  of  adulteration,  if  the  other 
characteristics  of  the  cement  are  known.  Its  indication  is  not 
absolute  by  any  means. 

The  standard  tests  for  properties  of  cement  are  given  in  Appen- 
dix A  and  need  not  be  further  discussed  here. 

Other  Hydraulic  Cements. — As  stated  above,  natural  cement 
is  manufactured  similarly  to  portland  cement,  except  that  the 
raw  materials  are  less  accurately  proportioned.  It  can  be 
economically  used  in  walls  and  other  mass  structures  where 
weight  is  a  more  important  consideration  than  strength,  al- 
though in  recent  years,  there  is  scarcely  enough  difference  in 
the  prices  to  warrant  the  extensive  use  of  the  natural  cement. 

Slag  cement  is  manufactured  by  grinding  basic  blast  furnace 
slag  with  carefully  slaked  lime  and  is  essentially  similar  to  port- 
land  cement.  The  slag  to  be  used  for  making  cement  is  quenched 
while  in  the  molten  condition  in  order  to  preserve  the  consti- 
tuents which  have  cementing  value,  for  slag  that  is  allowed  to 
.cool  slowly  loses  nearly  all  of  its  cementing  properties.  Slag 
cement  is  likely  to  run  high  in  sulphur  content,  notwithstanding 
the  fact  that  the  process  of  quenching  the  slag  removes  a  consider- 
able amount  of  the  sulphur  in  the  original  slag.  Slag  cement  can 
usually  be  recognized  by  its  bluish  color  and  its  light  weight,  its 
specific  gravity  being  about  2.60  to  2.85.  Slag  cement  is  required 
to  meet  essentially  the  same  specifications  as  portland  cement, 
although  it  is  likely  to  be  unsound  due  to  an  excess  of  free  lime  or 
the  presence  of  sulphides. 
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Pozzuolan  cement  is  a  term  frequently  applied  to  slag  cement, 
but  it  is  more  properly  applied  to  cement  made  in  a  similar  man- 
ner by  grinding  volcanic  scoria  or  other  volcanic  cinder  with  dry 
hydrated  lime  similarly  to  the  method  used  in  the  manufacture 
of  slag  cement.    This  is  essentially  the  same  as  the  cement  used 
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by  the  Romans  when  they  mixed  volcanic  ash  and  tufa  with  the 
lime  thus  giving  it  hydraulic  properties. 

Effect  of  Storage  on  Cement.— Professor  D.  A.  Abrams  of 
Lewis  Institute  made  an  extended  series  of  tests1  to  determine 
the  effect  of  storage  on  the  properties  of  cement,  both  as  to 
the  time  and  the  conditions  of  storage.  Figure  11  shows  typical 
results  of  the  effect  of  storage  on  the  strength  of  concrete  made 

1  Structural  Mils.  Research  Lab.,  Lewis  Inst,  Bull.  6. 
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from  stored  cement,  and  corresponding  results  were  obtained  with 
reference  to  the  effect  on  the  strength  of  mortar. 

The  tests  included  three  lots  of  cement  kept  in  storage  for 
periods  up  to  two  years,  and  were  stored  in  three  different  condi- 
tions, (A)  in  the  laboratory,  representing  optimum  conditions 
of  storage,  (B)  in  the  basement,  representing  somewhat  less 
satisfactory  conditions,  and  (C)  storage  in  a  shed,  which  would 
represent  good  field  conditions  of  storage  on  construction.  Pro- 
fessor Abrams'  summary  includes  the  following  conclusions: 

1.  Compression  tests  of  concrete  and  of  mortar  showed  a  deterioration 
in  strength  with  storage  of  cement  for  all  samples,  for  all  conditions  and 
periods  of  storage  and  for  all  test  ages.  The  deterioration  was  greatest  for 
samples  stored  in  the  yard  and  least  for  samples  stored  in  the  laboratory. 

The  basement  storage  was  nearly  as  deleterious  as  out  of  doors.  The 
deterioration  was  greater  during  the  first  three  months  than  in  any 
subsequent  three  months  period,  and  the  deterioration  was  most  marked  in 
the  7  day  test. 

2.  The  effect  of  storage  of  cement  on  the  strength  of  concrete  or  mortar  is 
largely  a  question  of  the  age  at  which  the  concrete  or  mortar  is  tested.  The 
average  concrete  strength  with  cement  stored  in  the  shed  in  the  yard  when 
tested  at  7  days  (for  all  periods  of  storage)  was  64  per  cent  of  the  strength 
when  received  from  the  warehouse;  at  28  days,  71  per  cent;  at  6  months, 
78  per  cent;  at  1  year,  82  per  cent;  and  at  2  years,  85  per  cent.  A  somewhat 
similar  relation  is  found  for  the  other  conditions  of  storage.  It  is  a  matter  of 
utmost  importance  to  note  that  the  strength  is  not  permanently  reduced 
to  the  low  values  of  the  7-  and  28-day  tests. 

3.  For  periods  up  to  13^  years,  there  was  no  marked  difference  in  the 
quality  of  cement  stored  in  cloth  and  in  paper  sacks.  Only  a  slight  advan- 
tage was  found  from  protecting  cement  in  cloth  sacks  by  thin  layers  of 
cement  or  of  hydrated  lime,  the  gain  not  justifying  the  cost  of  the  process. 

4.  The  difference  in  results  from  the  different  condition  of  storage  was 
not  sufficiently  great  to  indicate  possibilities  of  improving  conditions  of 
storage  to  marked  degree  in  this  climate. 

5.  Storage  of  cement  prolongs  the  time  of  initial  and  of  final  setting. 
The  normal  consistency  was  only  slightly  affected  by  storage. 

6.  The  deterioration  of  cement  in  storage  appears  to  be  due  to  the 
absorption  of  atmospheric  moisture,  causing  partial  hydration,  which 
exhibits  itself  in  reducing  the  early  strength  of  concrete  and  in  prolonging 
the  time  of  setting. 

In  the  above  tests,  lumps  coarser  than  a  20  screen  were  generally 
discarded.  At  the  end  of  1  year,  the  cement  showed  about  12 
per  cent  lumps  while  at  the  end  of  2  years,  it  showed  30  to  75 
per  cent  lumps.  Concrete  made  entirely  from  lumps  showed  a 
strength  at  7  days  and  two  months  of  40  to  50  per  cent  of  the 
other  cement  from  the  same  sacks. 
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Chemically,  the  chief  effects  appear  to  have  been  an  increase  in 
carbon  dioxide,  in  moisture  content  some  500  per  cent  and  in  the 
loss  on  ignition  about  200  per  cent. 

Owing  to  the  less  exposure,  it  is  probable  that  bulk 
cement  would  deteriorate  less  during  storage  than  does  cement 
in  bags. 

Cement  should  be  stored  in  a  weather-tight  building  with  the 
floor  raised  not  less  than  1  ft.  from  the  ground  and  the  cement 
should  not  be  piled  against  the  sides  of  temporary  store  houses 
but  instead,  a  space  of  at  least  1  ft.  should  be  left  on  all  sides 
to  prevent  contact  with  moisture  from  the  sides. 

Voids  in  Aggregates. — The  void  or  interstitial  space  in  aggre- 
gates has  an  important  influence  on  the  strength  and  other  phys- 
ical properties  of  concrete  as  well  as  upon  the  cost  per  unit  volume, 
for  to  make  good  concrete  the  voids  must  be  filled,  hence,  it  is 
desirable  to  examine  into  the  nature  and  conditions  affecting 
void  space. 

In  a  mass  of  spheres  of  equal  diameter,  the  voids  between  the 
spheres,  or  the  total  interstitial  space,  amount  approximately  to 
26  per  cent  of  the  total  volume,  shown  as  follows:  If  n  is  the 
number  of  spheres  in  one  tier  and  t  the  number  of  tiers,  then 
the  volume  of  the  spheres  is  %irr3nt,  r  being  the  radius  of  a 
sphere.  The  volume  of  the  including  space  is  2y/ 3r2n  X  H\/ Qrt, 
and  the  ratio  of  these  two  quantities  is  0.74.  That  is,  the  voids 
are  26  per  cent  of  the  total  containing  space. 

However,  even  perfect  spheres  would  have  a  larger  percentage 
of  voids  than  this  theoretical  amount  because  they  would  not  be 
perfectly  piled  together.  Fragments  of  stone  or  of  sand  that  are 
essentially  of  uniform  size  have  likewise  a  larger  percentage  of 
voids  than  this  amount,  although  in  a  mass  of  irregular  fragments 
of  approximately  uniform  size,  the  percentage  of  voids  remains 
nearly  constant  regardless  of  the  actual  size.  The  percentage  of 
voids  is  greater  for  angular  than  for  rounded  fragments. 

When  particles  of  graded  sizes  are  mixed  together,  the  smaller 
particles  fill  the  interstices  between  the  larger  and  consequently 
the  percentage  of  void  space  is  reduced.  The  densest  mixture, 
i.e.  the  one  with  least  void  space,  is  formed  by  a  mixture  of  such 
proportions  that  the  finer  particles  just  fill  the  interstitial  space 
of  the  sizes  next  larger.  The  proportions  which  accomplish  such 
a  mixture  of  greatest  density  will  be  discussed  in  a  subsequent 
paragraph. 
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The  most  convenient  method  of  determining  the  voids  in  fine 
aggregate  is  to  pour  a  measured  volume  of  the  aggregate  into 
a  graduated  cylinder  partially  filled  with  water  and  observe 
the  increase  in  the  height  of  the  water  level.  The  difference  in 
the  heights  of  the  water  surface  before  and  after  introducing  the 
aggregate  indicates  the  volume  of  the  water  displaced,  or  the 
volume  of  the  aggregate  particles.  The  difference  between  this 
and  the  original  volume  of  the  aggregate  represents  the  actual 
void  space,  which  may  readily  be  expressed  as  a  percentage  of  the 
original  volume.  The  same  method  may  be  used  for  coarse 
aggregate  if  a  large  graduate  is  available,  but  usually  the  prefer- 
able procedure  is  to  determine  the  specific  gravity  of  the  material 
by  the  Jolly  balance  or  other  method,  calculate  the  weight  of  a 
known  volume  if  it  were  solid,  then  observe  the  actual  weight  of 
this  volume  and  take  the  difference,  which  represents  the  voids, 
and  this  divided  by  the  calculated  weight  gives  the  proportion  of 
voids  to  the  total  volume. 

In  general  voids  should  be  determined  in  the  aggregate  loose 
rather  than  shaken  together  because  such  condition  more  nearly 
represents  actual  field  conditions. 

The  voids  in  sand  vary  from  25  per  cent  in  well  graded  sand  to 
45  per  cent  in  sands  more  uniform  in  size  and  those  having  an 
excess  of  fine  and  intermediate  particles.  The  voids  in  coarse 
aggregate  average  about  as  follows: 


There  does  not  seem  to  be  any  definite  relation  between  the 
percentage  of  voids  and  a  "uniformity  coefficient,"  or  "fineness 
modulus,"  the  voids  depending  almost  entirely  upon  the  grada- 
tion of  the  sizes. 

Fine  Aggregate. — Fine  aggregate  usually  consists  of  sand, 
but  it  may  be  crushed  stone  or  stone  screenings,  or  artificially 
prepared  material.  Next  to  the  cement,  the  fine  aggregate  is 
probably  the  most  important  ingredient  in  determining  the 
strength  of  concrete,  consequently  the  sand  or  other  fine  aggre- 
gate used  should  be  carefully  examined. 

Three  classes  of  sand  may  be  mentioned  according  to  the 
source  from  which  it  is  derived,  (1)  pit  or  bank  sand,  (2)  river 


Per  Cent 


Granite. . . 
Trap  rock. 
Limestone 
Gravel .  . . 


38  to  46 
47  to  51 
32  to  50 
22  to  40 
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sand  and  (3)  sea  sand.  The  first  usually  has  an  angular  grain 
and  frequently  contains  a  good  deal  of  clay,  iron  oxide,  etc.,  and 
may  require  washing.  It  is  usually  of  glacial  origin  and  the 
grains  are  usually  of  quartz,  but  may  be  of  limestone  or  other 
material.  River  sand  is  obtained  from  sand  bars  along  the 
stream  or  by  dredging  from  the  bottom  of  the  river  bed,  excellent 
sand  being  frequently  obtained  from  this  source.  Sea  sand  is 
usually  very  fine  grained,  more  uniform  in  size  of  grain  and 
commonly  contains  alkaline  salts.  While  it  is  impossible  to 
formulate  an  inflexible  specification  for  sand  such  as  will  always 
give  good  results  and  be  universally  and  exclusively  applicable 
yet  certain  qualities  may  be  mentioned  that  will  enhance  the 
quality  of  the  concrete  and  should  be  secured  when  practicable 
and  when  high  grade  construction  is  sought.  Four  properties 
should  be  listed  in  this  category,  viz.,  size  of  grains,  gradation  of 
size  of  grains,  durability  of  the  substance  and  the  absence  of 
impurities. 

In  general,  sand  should  be  coarse.  Tests  made  by  Rene' 
Feret1  and  others2  show  that  sands  composed  chiefly  of  coarse 
grains,  (about  80  per  cent  between  34  and  }4o  m-  m  diameter) 
and  the  remainder  of  fine  grains  (less  than  34  o  m0  with  prac- 
tically no  grains  of  intermediate  size  yielded  the  strongest  mortars, 
and  tests  made  at  the  University  of  Kansas  under  the  author's 
direction  indicated  the  same  conclusion.  However,  tests  made 
by  the  Bureau  of  Standards  led  to  the  conclusion3  "the  straight 
line  gradation  may  be  said  to  be  the  ideal  gradation  .  .  .  but 
that  the  proportion  passing  the  coarser  screens  should  not  be  too 
low."  Coarse  sand  with  comparatively  little  fine  material  is 
superior  for  concrete,  although  a  fine  sea  sand  with  99  per  cent 
passing  a  50-mesh  screen  has  given  satisfactory  concrete.  It  is 
possible  that  other  characteristics  of  sand  exercise  such  an  in- 
fluence on  the  strength  of  concrete  that  the  effects  of  different  gra- 
dations on  the  strength  of  concrete  are  obscured.  The  Joint 
Committee  specified  that  not  more  than  30  per  cent  should  pass 
a  50-mesh  screen.  A  coarse  sand  containing  only  a  small  pro- 
portion of  fine  particles  is  frequently  termed  "torpedo  sand." 

Tests  made  by  E.  E.  Paul  under  the  author's  direction 
indicated  the  average  results  on  1 : 3  mortar  briquettes  at  28  days 

1  Annates  des  Ponts  est  Chauses,  vol.  2,  p.  164. 

2  Engineering  News-Record,  Nov.  27,  1918. 

3  U.  S.  Bureau  of  Standards,  Tech.  Paper  58,  p.  25. 
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as  shown  in  Table  V.  Uniformly  graded  sand  gave  a  strength 
about  4  per  cent  less  than  the  mix  15  per  cent  fine  and  85  per 
cent  coarse. 

Older  specifications  designated  that  the  sand  should  be 
"sharp,"  i.e.,  have  angular  grains,  but  experiments  have  quite 
completely  demonstrated  that  sand  with  angular  grains  does  not 
yield  a  stronger  mortar  than  one  with  rounded  grains. 

In  order  that  a  sand  may  be  durable  and  strong,  the  minerals 
of  which  it  is  composed  should  be  hard  and  tough.  Silica  sand  is 
preferable  in  this  respect,  although  sand  consisting  of  fragments 
from  any  hard  trap  rock  will  suffice,  and  much  glacial  drift  sand, 
such  as  that  found  at  many  points  in  Ohio,  consisting  chiefly  of 


Table  V. — Effect  of  Sizes  of  Sand  Grains  on  Strength  of  Mortar 


Ref.  No. 

Per  cent 
coarse 

Per  cent 
medium 

Per  cent 
fine 

Per  cent 
water  of 
total  mix 

Av. 
strength 
lbs.  per 
sq.  in. 

1 

90 

10 

9.8 

328 

2 

85 

15 

9.8 

366 

3 

80 

20 

10.3 

363 

4 

75 

25 

10.3 

364 

5 

60 

40 

11.5  . 

341 

6 

50 

50 

12.1 

318 

7 

40 

60 

12.3 

299 

8 

25 

75 

12.7 

254 

9 

15 

85 

13.2 

261 

10 

80 

6.7 

13.3 

10.0 

309 

11 

85 

5 

10 

10.1 

331 

12 

65 

20 

15 

10.3 

314 

13 

55 

30 

15 

10.9 

315 

14 

50 

25 

25 

10.3 

292 

limestone  particles,  yields  a  strong  mortar.  It  is  essential  only 
that  the  strength  of  the  particles  shall  be  as  great  as  or  greater 
than  that  of  the  cement  matrix  in  which  they  are  placed.  Sands 
consisting  largely  of  grains  of  feldspar,  mica,  hornblende,  augite, 
etc.  are  less  satisfactory  than  those  of  harder  and  more  durable 
materials,  mica  being  particularly  objectionable,  10  per  cent 
mica  reducing  the  strength  of  1 : 3  mortar  about  40  per  cent. 

Absolutely  clean  sand  is  practically  impossible  to  obtain  and 
a  limited  amount  of  impurities  must  usually  be  expected.  The 
effect  of  impurities  in  sand  on  concrete  depends  very  largely  on 
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the  character  rather  than  upon  the  amount  of  the  impurities. 
Mineral  matter  in  sand,  such  as  clay,  in  small  quantities  may  not 
impair  the  quality  of  the  concrete  but  in  fact,  may  even  improve 
a  lean  mortar  or  concrete  by  effecting  a  better  distribution  of  the 
cement  paste.  Organic  impurities,  on  the  other  hand,  such  as 
vegetable  loam,  will  always  seriously  diminish  the  strength  of 
concrete,  as  small  a  percentage  of  organic  matter  as  0.5  per  cent 
having  been  found  to  reduce  the  strength  of  mortar  about  20  per 
cent. 1  Vegetable  matter  seems  to  coat  the  sand  grains  and  thus 
diminish  the  adhesion.  Therefore,  while  clay  may  ordinarily  be 
admitted  up  to  perhaps  7  per  cent  without  objectionable  results, 
all  organic  matter  should  be  rigidly  avoided. 

Impurities  in  sand  may  be  removed  by  washing,  but  this  is  an 
expensive  process  and  should  not  be  required  unless  the  character 
and  the  amount  of  the  impurities  are  such  as  to  be  really  harmful. 
While  for  high  grade  work,  washing  a  dirty  sand  is  worth  all  that 
it  costs,  washing  a  sand  does  not  always  improve  it,  for  washing 
may  remove  too  much  of  the  fine  material  which  is  required  to 
secure  a  good  distribution  of  the  cement  paste. 

Tests  of  Sand. — The  tests  most  commonly  applied  to  sand  for 
use  as  fine  aggregate  are  (a)  Sieve  analysis  to  determine  the 
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Fig.  12. — Effect  of  gradation  of  sand  on  the  strength  of  mortar. 

size  of  particles  and  the  gradation,  (b)  the  mortar  test  and  (c)  the 
cleanness  test. 

Sand  weighs  from  80  to  120  lb.  per  cubic  foot,  averaging  about 
1  Engineering-Contracting,  vol.  43,  p.  403. 
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100  lb.  Dry  well  graded  sand  weighs  about  120  lb.  per  cubic  foot, 
while  moist  sand  will  weigh  about  5  to  8  per  cent  less. 

A  sieve  analysis  is  made  by  using  a  succession  of  sizes  of  sieves 
determining  the  percentages  of  the  original  sample  passing  and 
retained  on  each  size.  A  sieve  analysis  curve  is  then  plotted 
with  per  cents  passing  (or  per  cents  retained)  as  ordinates  and 
sizes  of  sieves  as  abscissas.  Figure  12  shows  analyses  of  sands 
and  the  average  of  sands  giving  the  highest  and  lowest  compres- 
sive strengths  of  the  series.  The  sieves  most  commonly  used 
for  making  the  sieve  analysis  test  (used  by  the  Bureau  of  Stand- 
ards) are  8-in.  hand  sieves  as  follows: 

Meshes  per  inch. .  .     4       6        8         10       16      20       30      40       60       100  200 
Size  of  holes   0.25  0.  13  0.096  0.073  0,042  0.034  0.020  0,015  0.009  0.0055  0.0026 

A  test  frequently  required  for  sand  to  ascertain  its  entire  useful- 
ness in  mortar  or  in  concrete  is  the  mortar  test,  and  consists  in 
comparing  the  strength  of  briquettes  made  from  the  sand  in 
question  with  that  of  briquettes  made  with  standard  sand1  using 
the  same  proportions.  However,  the  mortar  test  is  by  no  means 
a  certain  indication  of  good  fine  aggregate,  particularly  when  the 
standard  proportions  of  1 : 3  are  used  in  making  the  test,  for  tests 
made  under  the  direction  of  the  author2  show  that  sand  or  screenings 
containing  considerable  fine  material  may  give  a  strong  1 : 3 
mortar  but  a  relatively  weak  concrete.  Where  the  mortar  test 
is  used,  therefore,  the  proportions  should  be  similar  to  those  to  be 
used  in  the  concrete  mixture. 

For  determining  the  clay  content,  the  most  practical  method  is 
to  wash  out  the  silt  on  a  100-mesh  screen,  as  follows:  After 
slowly  drying  the  sample  to  avoid  baking  lumps,  about  200  g.  are 
carefully  weighed  out  and  then  washed  on  a  100-mesh  screen  under 
a  gentle  stream  of  water  until  the  water  runs  essentially  clear,  and 
then  dried  and  re-weighed,  the  loss  in  weight  representing  the 
silt  content.  The  silt  can  be  estimated  also  by  allowing  the  wash 
water  after  elutriation  to  stand  in  a  graduated  cylinder  the  volume 
of  sediment  being  measured  at  the  bottom.  A  rough  approxi- 
mation can  be  made  by  counting  the  proportion  passing  an  80- 
mesh  sieve  as  silt.  If  as  much  as  10  per  cent  clay  is  present  in 
sand  (an  amount  that  should  not  be  exceeded),  the  sand  if  damp 

1  Note.— " Standard  sand"  means  a  silica  sand  obtained  from  Ottawa, 
111.,  washed  and  screened  to  pass  a  20  screen  and  be  retained  on  a  30  screen. 

2  Engineering  News-Record,  May  22,  1919. 
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will  adhere  and  remain  molded  in  the  form  of  the  palm  of  the 
hand  when  squeezed. 

Two  tests  for  organic  impurities  have  been  used,  viz.,  (1)  the 
colorimetric  test  and  (2)  the  loss  on  ignition  test.  The  colori- 
metric  test  consists  in  adding  a  3  per  cent  solution  of  sodium  hy- 
droxide1 to  a  sample  of  sand  and  after  shaking  allowing  it  to  stand. 
If  the  supernatant  liquid  is  clear  or  light  yellow,  the  sand  does 
not  contain  an  appreciable  amount  of  organic  matter;  but  if  it  is 
dark  red  to  black,  it  probably  contains  a  harmful  amount  of 
organic  matter. 

The  loss  on  ignition  test  is  performed  by  drying  and  weighing 
a  sample  and  then  subjecting  it  to  high  heat  in  a  crucible  and 
determining  the  loss.  Obviously  sand  of  unstable  composition  may 
suffer  losses  other  than  those  due  to  the  presence  of  organic 
matter. 

Stone  Screenings. — When  natural  sand  is  not  available  for  use 
as  fine  aggregate,  crushed  stone  screenings  passing  a  }i-in.  or 
%-in.  screen  may  be  used  instead.  Laboratory  tests  on  mortar 
made  from  carefully  prepared  screenings  indicate  that  even 
greater  strength  may  be  secured  from  screenings  than  from  sand. 
Precaution  should  be  taken,  however,  to  see  that  the  screenings 
are  free  from  an  excess  of  fine  material  or  dust.  Tests  conducted 
under  the  author's  direction  on  an  extensive  project  on  which 
limestone  screenings  from  some  of  the  best  quarries  were  used  in 
making  concrete  showed  that  commercial  screenings  cannot  be 
depended  upon  to  afford  a  satisfactory  fine  aggregate  for  concrete 
as  rich  as  1 : 6  or  richer,  owing  to  the  large  amount  of  dust  contained 
in  the  screenings.  This  was  true  notwithstanding  the  fact  that 
1 : 3  mortar  briquettes  made  from  these  screenings  showed  high 
strength.  The  difficulty  arises  from  the  fact  that  all  of  the  clay 
in  the  native  bed  of  stone  is  concentrated  in  the  screenings. 

However,  for  mass  construction  where  high  strength  is  not  so 
essential,  commercial  screenings  may  be  used  satisfactorily,  and 
in  the  absence  of  a  suitable  sand,  crushed  stone  may  be  prepared 
from  a  suitable  rock,  even  though  the  rock  is  not  flinty  in  its 
hardness.  In  fact,  a  hard  quartzite  or  trap  rock  may  grind  away 
the  crusher  so  rapidly  that  the  preparation  of  artificial  sand  in 
this  manner  may  be  impracticable.  Brick  dust,  crushed  marble 
and  fine  chats  may  be  used  under  certain  conditions  as  fine 
aggregate,  but  with  rather  indifferent  success. 

1  Report  Committee  C,  Am.  Soc.  for  Testing  Materials,  vol.  17,  p.  382. 
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Coarse  Aggregate. — The  purpose  of  the  coarse  aggregate  is  to 
form  the  body  of  the  artificial  stone,  or  concrete.  Various  mate- 
rials have  been  used  as  coarse  aggregate,  such  as  crushed  stone, 
gravel,  slag,  cinders,  coke,  brick  fragments,  shells  and  some 
specially  prepared  granulated  material  of  fused  clay  or  shale,  the 
lighter  substances  being  employed  in  floor,  roof  or  other  construc- 
tion where  it  is  desired  to  keep  the  weight  to  a  minimum. 

The  relative  value  of  gravel  and  broken  stone  as  aggregates 
has  been  a  much  debated  question.    Neither  material  as  a  class 


Fig.  13. — Sections  through  concrete. 


can  be  said  to  be  superior  to  the  other,  for  the  range  of  strength 
of  the  concrete  with  either  is  greater  than  any  apparent  difference 
between  the  two.  In  general  it  is  probable  that  better  concrete 
will  be  secured  with  crushed  stone  of  good  quality  than  with 
gravel  because  of  the  greater  freedom  from  deleterious  matter, 
although  results  of  tests  can  be  found  that  seem  to  indicate  that 
gravel  is  the  superior  material. 

Crushed  rock  may  be  obtained  from  almost  any  natural  rock 
that  is  of  reasonable  strength  and  not  decomposed.  It  is  desir- 
able that  the  natural  rock  shall  have  sufficient  strength  to  develop 
the  full  strength  of  the  mortar  matrix  in  which  it  is  to  be  im- 
bedded, but  strength  of  the  coarse  aggregate  in  excess  of  this 
amount  cannot  be  utilized  in  concrete  and  usually  is  not  worth 
any  additional  cost.  The  fragments  of  crushed  stone  should  be 
cuboidal  in  shape  and  not  flat  or  splintery.  Figure  13,  from 
Bulletin  No.  58,  Bureau  of  Standards  shows  the  increased  density 
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of  concrete  from  cubical  fragments  owing  to  the  mortar  forcing  or 
wedging  the  fragments  apart.  Trap  rocks,  limestone,  granites, 
conglomerates,  hard  sandstone,  and  marble  yield  good  aggregate, 
their  value  being  about  in  the  order  named. 

The  size  of  broken  stone  is  measured  by  the  diameter  of  the 
ring  that  the  fragment  will  pass.  Formerly,  the  maximum  size 
used  rarely  exceeded  2%  to  3  in.,  but  recently  it  has  become  the 
practice  to  use  large  pudding  stones  for  plain  concrete  in  thick 
masses  because  of  the  economy  effected,  and  tests  indicate  that 
the  use  of  such  large  stones  increases  the  strength  of  the  concrete.1 
The  size  of  aggregate  should  be  governed  by  the  character  of  the 
work,  the  largest  stones  being  such  as  can  be  properly  placed  with 
reference  to  the  thickness  of  the  wall,  position  of  any  reinforcing 
steel,  etc.  For  normal  reinforced  concrete  construction,  the  stone 
should  seldom  exceed  1  in.  in  diameter  on  account  of  the  difficulty 
in  placing  around  the  reinforcing  steel.  In  fact  many  engineers 
prefer  %-in.  stone,  and  it  is  doubtful  if  for  highly  reinforced 
construction  any  economy  is  effected  by  using  stone  coarser  than 

Blast  furnace  slag  has  been  quite  extensively  used  as  coarse 
aggregate  with  good  results.  It  should  be  free  from  dirt,  should 
be  non-porous  and  sound,  and  should  be  well  seasoned  in  order 
that  unstable  chemical  compounds  may  be  eliminated.  Before  a 
slag  is  used,  it  should  be  examined  carefully  to  insure  its  chemical 
composition  and  stability  lest  its  distintegration  affect  the  con- 
crete and  acid  products  react  with  the  steel  in  the  case  of  rein- 
forced concrete.  The  Joint  Committee  declined  to  sanction  the 
use  of  slag  as  an  aggregate,  particularly  for  reinforced  concrete. 

Cinders  for  coarse  aggregate  should  consist  of  hard  vitreous 
clinker  free  from  ashes  or  unburned  coal.  Cinders  are  suitable 
only  where  lightness  of  the  concrete  is  a  controlling  desideratum 
and  the  concrete  is  not  intended  to  carry  appreciable  load.  Coke 
may  sometimes  be  used  as  aggregate  under  similar  conditions. 

There  are  several  specially  prepared  proprietary  aggregates 
on  the  market  of  varying  merit.  Most  of  these  are  manufactured 
by  burning  clay  or  shale  and  are  intended  to  replace  both  the  fine 
and  coarse  aggregate.  From  some  of  them,  concrete  can  be 
made  comparable  in  strength  with  normal  concrete  and  in  weight 
with  cinder  concrete. 

Gradation  of  coarse  aggregate  from  fine  to  coarse  is  an  impor- 

1  U.  S.  Bureau  of  Standards,  Tech.  Paper  58,  p.  63. 
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tant  property,  since  a  gradation  of  sizes  yields  the  densest  and 
strongest  concrete.  The  minimum  size  is  commonly  recognized 
as  that  retained  on  a  K-in.  screen,  although  many  commercial 
concerns  use  the  %-in.  screen  as  the  minimum.  The  maximum 
size  of  particle,  as  shown  above,  varies  with  the  character  of  the 
work  under  construction,  large  size  aggregate  being  economically 
used  for  mass  work. 

Other  qualities  being  equal,  flinty  rock  with  an  impervious 
smooth  surface  probably  does  not  produce  so  strong  a  concrete 
as  an  aggregate  with  a  somewhat  porous  and  grained  surface. 
However,  this  effect  is  usually  more  than  counterbalanced  by  the 
greater  shearing  and  flexural  strength  of  the  flints,  as  tests  made 
by  the  author  indicate.  In  these  tests,  the  flint  aggregates  gave 
a  concrete  of  higher  strength  than  did  the  limestone  with  which 
it  was  being  compared. 

The  character  of  the  surface  has  a  marked  effect  on  the  amount 
of  water  required  to  produce  a  workable  mix,  a  porous  stone 
requiring  considerably  more  water  than  does  an  impervious 
aggregate.  This  fact  makes  it  impossible  to  use  a  predetermined 
percentage  of  water  in  the  mixing  and  requires  the  proper  amount 
of  water  to  be  determined  by  observation  in  each  case. 

General  Principles  of  Proportioning  Concrete. — A  brief 
resume  of  the  principles  affecting  the  properties  of  concrete  mix- 
tures will  aid  in  understanding  the  proportioning  of  the  same. 
A  very  succinct  summary  of  these  principles  may  be  quoted  from 
a  discussion  by  Professor  A.  N.  Talbot.1 

"1.  The  cement  and  mixing  water  may  be  considered  together  to 
form  a  paste;  this  paste  becomes  the  glue  which  holds  the  particles  of 
the  aggregate  together. 

2.  The  volume  of  the  paste  is  approximately  equal  to  the  sum  of  the 
volume  of  the  particles  of  cement  and  the  volume  of  the  mixing  water. 

3.  The  strength  given  by  this  paste  is  dependent  upon  its  concentra- 
tion— the  more  dilute  the  paste,  the  lower  its  strength;  the  less  dilute, 
the  greater  its  strength. 

4.  The  paste  coats  or  covers  the  particles  of  the  aggregates  partially 
or  wholly  and  also  goes  to  fill  the  voids  of  the  aggregate  partially  or 
wholly.  Full  coating  of  the  surface  and  complete  filling  of  the  voids  are 
not  usually  obtained. 

5.  The  coating  or  layer  of  paste  over  the  particles  forms  the  lubricating 
material  which  makes  the  mass  workable;  that  is,  makes  it  mobile  and 
easily  placed  to  fill  a  space  compactly. 

1  Proc.  Am.  Ry.  Eng.  Assn.,  vol.  20,  p.  905. 
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6.  The  requisite  mobility  or  plasticity  is  obtained  only  when  there  is 
sufficient  paste  to  give  a  thickness  of  film  or  layer  of  paste  over  the 
surface  of  the  particles  of  the  aggregate  and  between  the  particles 
sufficient  to  lubricate  these  particles. 

7.  Increase  in  mobility  may  be  obtained  by  increasing  the  thickness 
of  the  layer  of  paste;  this  may  be  accomplished  by  adding  water  (result- 
ing in  a  weaker  paste)  or  by  adding  cement,  up  to  a  certain  point  (result- 
ing in  a  stronger  paste) . 

8.  Factors  contributing  to  the  strength  of  concrete  are  then,  the 
amount  of  cement,  the  amount  of  mixing  water,  the  amount  of  voids  in 
the  combination  of  fine  and  coarse  aggregate,  and  the  area  of  the  surface 
of  the  aggregate. 

9.  For  a  given  kind  of  aggregate  the  strength  of  the  concrete  is  largely 
dependent  upon  the  strength  of  the  cement  paste  used  in  the  mix,  which 
forms  the  gluing  material  between  the  particles  of  the  aggregate. 

10.  For  the  same  amount  of  cement  and  same  voids  in  the  aggregate, 
that  aggregate  (or  combination  of  fine  and  coarse  aggregates)  will  give 
the  higher  strength  which  has  the  smaller  total  area  of  surface  of 
particles,  since  it  will  require  the  less  amount  of  paste  to  produce  the 
requisite  mobility  and  this  amount  of  paste  will  be  secured  with  a  smaller 
amount  of  water;  this  paste  being  less  dilute  will  therefore  be  stronger. 
The  relative  surface  area  of  different  aggregates  or  combination  of 
aggregates  may  readily  be  obtained  by  means  of  a  surface  modulus 
that  may  be  calculated  from  the  screen  analysis  of  the  aggregate. 

11.  For  the  same  amount  of  cement  and  the  same  surface  of  the 
aggregate,  that  aggregate  will  give  the  higher  strength  which  has  the 
less  voids,  since  additional  pore  space  will  require  a  larger  quantity  of 
paste  and  therefore  a  more  dilute  paste. 

12.  Any  element  which  carries  with  it  a  dilution  of  the  cement  paste 
may  in  general  be  expected  to  weaken  the  concrete — smaller  amounts  of 
cement,  the  use  of  additional  mixing  water  to  secure  mobility  of  the 
mass,  increased  surface  of  the  aggregate,  and  increased  voids  in  the 
aggregate  all  operate  to  lower  the  strength  of  the  product. 

13.  In  varying  the  gradation  of  the  aggregate  a  point  will  be  reached, 
however,  when  the  advantages  in  the  reduction  of  surface  of  particles 
is  offset  by  increasing  difficulty  in  securing  a  mobile  mass,  the  voids  are 
greatly  increased,  the  mix  is  not  workable,  and  less  strength  is  developed 
in  the  concrete.  For  a  given  aggregate  and  a  given  amount  of  cement,  a 
decrease  in  the  amount  of  mixing  water  below  that  necessary  to  produce 
a  sufficient  paste  to  occupy  most  of  the  voids  and  to  provide  the  lubri- 
cating layer  will  give  a  mix  deficient  in  mobility  and  lower  in  strength." 

From  various  experiments,  too  extensive  to  be  described  here, 
four  conclusions  may  be  drawn  which  may  be  stated  as  laws  for 
proportioning  concrete : 
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1.  Other  conditions,  such  as  the  ratio  of  fine  to  coarse  aggregate,  the 
character  of  materials,  the  surface  area  of  the  aggregates,  and  the  water- 
cement  ratio,  remaining  constant,  the  strength  of  concrete  increases  with 
the  amount  of  cement  used. 

2.  Other  conditions,  such  as  those  mentioned  in  (1)  and  the  proportion 
of  cement  to  aggregate,  remaining  constant,  the  strength  of  concrete 
increases  with  the  density  of  the  mixture. 

3.  Other  conditions  remaining  constant,  the  strength  of  concrete  varies 
with  the  ratio  between  the  volume  of  cement  and  the  total  interstitial  space 
in  the  aggregates,  that  is,  the  ratio  between  the  volume  of  the  cement  and  the 
void  space  in  the  concrete  plus  the  space  occupied  by  the  cement  in  the 
concrete,  or,  c/(v  +  c). 

4.  Other  conditions  remaining  constant,  including  character  of  surface 
and  percentage  of  voids,  the  aggregates  with  a  minimum  of  surface  area  of 
particles  will  yield  the  strongest  concrete. 

5.  Any  water  used  in  mixing  in  excess  of  the  amount  required  to  produce 
a  plastic  mix  weakens  the  concrete. 

The  first  law  stated  above  is  illustrated  in  Fig.  14, 1  and  the 
second  in  Fig.  15,2  the  third  in  Fig.  163  and  the  fifth  in  Fig.  17. 4 


:  5000 


Percent  of  Cement  of  Total  Volume 

Fia.  14. — Relation  between  the  compressive  strength  of  concrete  and  the 
proportion  of  cement  used. 

Obviously  the  objects  to  be  sought  under  No.  4  are  incompati- 
ble with  those  required  by  No.  2  for  large  spheres  of  uniform  size 
would  give  a  minimum  of  surface  area  but  a  relatively  large  void 

1 1.  O.  Baker,  "Treatise  on  Masonry  Construction,"  p.  140. 

2  U.  S.  Bureau  of  Standards,  Bull.  58,  pp.  58-9. 

3  Engineering  and  Contracting,  Sept.  28,  1921. 

4  U.  S.  Bureau  of  Standards,  Bull.  58,  p.  53. 
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space,  while  a  well  graded  aggregate  from  fine  to  coarse  will 
yield  a  large  superficial  area  of  particles  but  relatively  a  smaller 
void  space.  This  fact  may  account  for  the  variation  observed 
by  the  Bureau  of  Standards  and  others  that  the  gradation  of 
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16. — Relation  between  strength  of  concrete  and  cement  space  ratio. 

maximum  density  does  not  always  yield  the  strongest  concrete, 
although  it  always  yields  a  relatively  strong  concrete. 

The  determination  of  the  amount  of  cement  to  be  used  per  unit 
volume,  or  in  other  words  the  richness  in  the  mixture,  is  chiefly 
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a  question  of  economics,  depending  upon  the  character  of  the  struc- 
ture contemplated,  and  not  one  of  mechanics.  With  first  class 
materials  and  workmanship  in  fabrication,  strengths  of  concrete 
100  per  cent  in  excess  of  those  given  in  Table  VI  may  be  ob- 
tained, while  with  inferior  materials  and  inferior  fabrication, 
concrete  which  may  appear  acceptable  may  have  strengths  of  not 
more  than  50  per  cent  of  these  values.    Tests  reported  by  the 
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Fig.  17. — Relation  between  strength  of  concrete  and  the  amount  of  water  used. 

Bureau  of  Standards  of  1:2:4  concrete  showed  variations  as 
follows:  limestone,  range  213  per  cent;  granite,  range  29  per  cent; 
gravel,  range,  354  per  cent.1  For  1:3:  6  concrete,  limestone  and 
granite  showed  a  variation  of  about  300  per  cent.  The  test 
period  was  four  weeks  and  represented  18  limestones,  11  gravels 
and  3  granites. 

With  a  close  control  of  the  fabrication,  it  is  possible  to  predict 
within  a  relatively  small  margin  the  strength  of  the  concrete 
resulting  from  any  given  materials  and  degree  of  richness,  but 
care  is  required  to  do  so.  In  general,  it  is  better  to  use  the 
rather  conservative  values  of  Table  VI  in  practical  design,  although 
where  conditions  require  extraordinary  strength,  it  may  be  se- 
cured as  indicated  above  by  using  proper  precautions  as  to 
materials  and  workmanship. 

Proportion  of  Cement. — The  cement  is  the  most  expensive 
ingredient  in  concrete  and  it  is  uneconomical  to  use  a  greater 
amount  than  is  required  to  furnish  the  necessary  strength  and 

1  U.  S.  Bureau  of  Standards,  Bull.  58,  p.  37. 
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imperviousness  to  meet  the  conditions  at  hand.  The  aggregate 
is  a  diluent  and  cheapens  the  resulting  concrete  when  it  is 
increased  in  amount.  Proportions  are  usually  stated  as  a  ratio, 
as  1:6,  meaning  one  part  cement  by  volume  (measured  loose)  to 
six  parts  of  total  aggregate  (fine  and  coarse), or  as  1:2:4, meaning 
one  volume  of  cement  to  2  volumes  of  sand  to  4  volumes  of  coarse 
aggregate,  all  by  volume  measured  loose.  In  practice,  one  bag 
of  cement,  net  weight  94  pounds,  is  taken  as  one  cubic  foot,  four 
of  which  are  counted  as  one  barrel. 

The  following  general  statements  of  proportions  to  be  used  are 
illustrative  rather  than  complete  or  absolute,  although  they  do 
represent  good  average  practice: 

1:2      For  concrete  floors  subject  to  heavy  abrasive  wear. 

1:3      For  sidewalk  surfaces  and  water-tight  structures. 

1:4     For  highly  reinforced  work  requiring  extraordinary  strength. 

1 : 5  For  highly  reinforced  concrete,  columns,  etc. ;  also  used  commonly  for 
concrete  pavements. 

1:6  For  ordinary  reinforced  beams,  columns,  bin  walls,  slabs  and  other 
structural  parts;  a  very  common  standard  for  building  con- 
struction, sewers,  conduits,  etc. 

1:7H  For  machine  foundations,  reinforced  retaining  walls,  and  other 
heavy  work,  thin  foundation  walls  bearing  comparatively  light 
loads. 

1:9  For  mass  work  not  subject  to  heavy  stresses  carrying  stationary 
loads,  such  as  bridge  piers  and  abutments  (below  the  bridge  seat), 
retaining  walls,  etc. 

1:12  For  very  massive  work  where  little  strength  or  imperviousness  is 
required  and  where  large  stones  are  used  in  the  coarse  aggregate. 

The  judgment  of  the  engineer  will  have  to  be  largely  relied  upon 
to  determine  the  economic  percentage  of  cement  to  be  used,  gov- 
erned by  the  principle  that  for  constant  conditions  of  aggregates, 
and  fabrication,  the  more  cement  the  better  the  concrete  and  at 
the  same  time  the  greater  the  cost.  Good  engineering  judgment 
will  not  incur  additional  cost  to  obtain  a  better  grade  of  concrete 
than  is  required  by  the  circumstances  nor  will  it  admit  of  con- 
crete that  is  inadequate  to  meet  the  requirements.  In  other 
words,  the  concrete  should  be  designed  to  suit  the  use  for  which 
it  is  intended,  and  the  problem  is  essentially,  first  to  determine 
the  character  of  the  concrete  required  with  respect  to  strength,  imper- 
viousness, resistance  to  abrasion,  etc.,  and  then  to  obtain  that  grade 
of  concrete  at  the  least  cost. 

With  the  proper  proportion  of  cement  determined  to  furnish 
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the  grade  of  concrete  desired  for  the  particular  construction  in 
view,  the  choice  of  the  relative  proportions  of  the  aggregates  is  a 
matter  of  fairly  exact  determination,  depending  chiefly  upon  the 
mechanical  properties  of  the  aggregates  themselves. 

The  principle  that  with  other  conditions  remaining  constant 
the  densest  mixture  is  the  strongest  gives  the  clue  to  the  selection 
of  the  proportions,  namely,  the  proportions  should  be  such  that 
the  resulting  mixture  will  be  of  maximum  density.  While 
experiments  have  shown  exceptions  to  this  rule,1  yet  in  every 
case  the  densest  mixture  is  nearly  the  strongest  if  not  absolutely 
the  strongest,  and  the  rule  is,  therefore,  a  reliable  one  to  follow 
in  practical  proportioning. 

The  practical  problem  is  how  to  choose  the  proportions  of  the 
ingredients  so  that  the  resulting  mixture  will  have  the  maximum 
density.  Several  methods  have  been  used  to  a  greater  or  less  extent 
to  accomplish  this  purpose  which  will  be  briefly  outlined  in  the 
following  paragraphs. 

Proportioning  by  Arbitrary  Assignment. — Making  a  concrete 
with  a  given  proportion  of  cement  consists  essentially  in  making 
a  mortar  of  the  desired  richness  and  then  filling  the  voids  of  the 
coarse  aggregate  with  that  mortar.  This  principle,  while 
roughly  correct,  is  deficient  in  two  respects,  (1)  there  is  always 
present  a  certain  amount  of  fine  material  in  the  coarse  aggregate 
which  alters  the  proportions  of  the  mortar,  and  (2)  when  the  mortar 
is  mixed  with  the  coarse  aggregate,  it  wedges  the  particles  of  the 
latter  apart,  thereby  requiring  more  mortar  to  fill  the  voids  than 
would  be  indicated  by  the  apparent  volume  of  the  voids  in  the 
loose  rock. 

On  an  average,  crushed  rock  is  assumed  for  this  purpose  to 
contain  about  45  per  cent  voids,  which  because  of  the  wedging 
action  of  the  mortar  require  a  volume  of  50  per  cent  of  the  loose 
stone  to  fill,  and  thus  half  as  much  sand  is  used  as  stone,  e.g., 
1:2:4,  1:3:6  mixtures,  the  cement  being  assumed  to  form  a  paste 
around  the  sand  grains  and  not  appreciably  increasing  the  volume 
of  the  sand.  This  process  gives  fairly  good  results  for  crusher 
run  stone  and  well  graded  gravel,  but  at  best  is  but  an  unscientific 
rule-of-thumb  method,  and  cannot  be  expected  to  give  as  satisfac- 
tory and  economical  results  as  proportions  designed  in  accordance 
with  the  peculiar  properties  of  the  aggregates  to  be  used,  and  in 
many  cases,  it  actually  yields  decidedly  inferior  concrete. 

1  U.  S.  Bureau  of  Standards,  Tech.  Paper  58,  p.  92. 
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Proportioning  by  Void  Determination. — If  the  percentage  of 
void  space  remained  the  same  after  the  mortar  is  added  as  before, 
it  would  be  a  simple  matter  to  determine  the  percentage  of  voids 
and  to  use  enough  mortar  of  a  desired  richness  to  fill  those  voids, 
but,  as  explained  above,  the  void  space  is  not  constant  and  there- 
fore this  method  is  not  accurate.  The  amount  of  increase  of  the 
voids  due  to  the  wedging  action  of  the  mortar  amounts  to  10  to 
20  per  cent,  being  greater  for  well  graded  material  than  for 
material  of  uniform  size.  For  gravel  and  crusher  run  stone,  the 
amount  of  mortar  used  should  be  about  1.15  times  the  volume 
of  the  voids,  while  for  crushed  stone  of  uniformly  large  size,  the 
mortar  may  be  made  practically  equal  to  the  void  space  or 
increased  but  slightly.  This  method  of  proportioning  is  a  step 
more  reliable  than  the  preceding  one,  the  approximation  lying  in  a 
generalized  figure  for  the  increase  in  voids  instead  of  an  average 
value  for  the  voids  themselves. 

For  an  extended  study  of  the  relation  of  voids  in  concrete  to  the 
strength,  and  a  refined  method  of  proportioning  by  means  of  void 
determination  in  the  aggregates,  reference  is  made  to  the  results 
of  studies  made  under  the  direction  of  Professor  A.  N.  Talbot.1 
The  method  of  proportioning  based  on  these  researches  is  too 
elaborate  to  be  given  in  this  connection.  The  general  purport 
of  the  results  is  that  the  voids  are  the  most  important  factor  in 
determining  the  behavior  of  aggregates  when  made  up  into 
concrete. 

Proportioning  by  Trial  Mixture. — By  mixing  the  fixed  percent- 
age of  cement  with  varying  proportions  of  fine  and  coarse  aggre- 
gates and  determining  which  arrangement  gives  the  densest 
mixture,  a  fairly  satisfactory  method  of  determining  the  best 
proportions  is  offered.  A  convenient  mode  of  procedure  is  to 
mix  the  various  trials  to  a  standard  consistency  and  then  with  a 
spring  balance,  determine  which  gives  the  heaviest  pailful,  using 
an  iron  pail  which  will  allow  the  surface  to  be  struck  off  even  in 
each  trial.  A  second  method  is  to  mix  a  measured  quantity  in 
each  trial  and  then  to  calculate  the  density  from  the  absolute 
volumes  of  the  ingredients  used  including  the  water. 

For  example,  if  it  is  desired  to  make  a  1 : 9  concrete,  the  propor- 
tions 1 : 2 : 7, 1 :  :  6>^,  1 : 3 : 6, 1 :  3>^  :  5K,  and  1 : 4 : 5  might  be  tried 
and  the  densest  mixture  ascertained  by  one  of  the  above  methods. 
If  the  mortar  does  not  rise  to  the  surface  when  tamped,  the  voids 

1  Proc.  Am.  Soc.for  Testing  Materials,  vol.  21,  1921. 
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are  not  filled  and  a  larger  amount  of  mortar  is  required.  The 
method  of  trial  mixtures  is  one  of  the  most  satisfactory  practical 
methods  of  determining  the  proper  proportions  of  concrete  with 
given  aggregates. 

The  proportion  of  mortar  of  desired  richness  which  is  necessary 
to  fill  the  voids  of  a  given  coarse  aggregate  may  be  determined  by 
direct  trial  with  fairly  satisfactory  results.  The  voids  are  filled 
when  the  mortar  flushes  to  the  surface  as  the  mixture  is  tamped 
into  a  vessel.  For  example,  if  a  1:2  mortar  were  to  be  used  and 
0.44  cu.  ft.  of  this  mortar  were  required  to  fill  the  voids  in  making 
a  cubic  foot  of  concrete,  assuming  the  volume  of  the  mortar 
equal  to  the  volume  of  the  sand,  the  proportions  should  be 
1:2:434 

Proportioning  by  Mechanical  Analyses. — In  this  method,  it 
is  assumed  that  with  a  given  gradation  of  the  aggregates,  the 
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Size  of  Particle- /ru 

Fig.  18. — Sieve  analysis  curves  and  curve  of  maximum  density. 


void  space  is  essentially  constant  and  that  there  is  a  certain  mechan- 
ical analysis  curve  representing  a  certain  gradation  of  the  sizes 
which  gives  the  maximum  density  of  mix  and  hence  the  strongest 
concrete.  The  maximum  density  curve  devised  by  W.  B.  Fuller 
and  S.  E.  Thompson1  from  an  extensive  series  of  investigations 
consists  of  an  ellipse  (plotted  as  shown  presently)  over  the  portion 
of  the  mixture  corresponding  to  the  fine  aggregate  and  the  cement 
and  a  straight  line  over  the  portion  corresponding  to  the  coarse 
aggregate.  This  curve  of  maximum  density  is  illustrated  in 
Fig.  18  the  ordinate  to  the  curve  including  the  cement  in  each  case. 
The  quadrant  of  the  ellipse  is  plotted  on  the  7  per  cent  line  as  the 
1  Taylor  and  Thompson  "Concrete,  Plain  and  Reinforced,"  p.  175. 
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x-axis  and  on  a  y-axis  that  is  a  distant  from  the  vertical  axis  of 
co-ordinates.  The  axes  of  the  elliptical  quadrant  are  as  shown 
below,  D  being  the  diameter  of  the  largest  particle : 


Semi- Axes 

Material 

a-in. 

b-% 

0.150D 

30.4 

0.164D 

28.6 

0.174D 

30.8 

Note. — An  ellipse  is  conveniently  plotted  by  the  trammel  point  method, 
as  follows :  Lay  off  on  the  edge  of  a  strip  of  cardboard  from  the  left  end,  O, 
distances  equal  to  the  semi-horizontal  and  semi-vertical  axes  and  mark  these 
points  A  and  B  respectively.  Turn  the  cardboard  so  that  the  point  B  is 
always  on  the  horizontal  axis  and  the  point  A  is  always  on  the  vertical  axis, 
and  then  the  point  0  will  describe  an  ellipse.  A  number  of  positions  of  O 
having  thus  been  plotted,  the  curve  can  be  drawn  with  an  irregular  curve. 

While  tests  made  by  the  Bureau  of  Standards  indicate  that  it  is 
impossible  to  devise  a  single  curve  that  will  represent  the  maxi- 
mum density  of  all  aggregates  and  that  each  particular  aggregate 
has  its  own  maximum  density  curve,  yet  tests  show  that  this 
general  curve  gives  good  results  even  if  not  the  maximum  in 
every  case.  It  is  probably  impossible  to  make  any  general  rule 
that  will  be  universally  applicable  in  giving  absolutely  maximum 
results  in  every  case  where  the  material  is  as  variable  as  are  con- 
crete aggregates. 

To  illustrate  the  use  of  this  maximum  density  curve,  take  for 
example  a  crushed  stone  screened  to  the  sizes  0-0.25,  0.25-1.00, 
and  1.00-3.00  curves  A,B  and  C,  Fig.  18.  Combining  the  sizes 
according  to  this  curve  would  give  48  per  cent  of  the  1.00-3.00 
size,  34  per  cent  of  the  0.025  size  (including  the  cement)  and  18 
per  cent  of  the  intermediate  size.  Inasmuch  as  the  34  per  cent 
includes  the  cement,  for  1 : 9  mixture,  since  10  per  cent  of  the  whole 
is  cement,  24  per  cent  should  be  taken  from  the  sand.  The  actual 
curve  of  the  combined  mixture  can  be  plotted  by  calculating  the 
points,  any  point,  X,  having  10  +  24  +  18  +  52  X  48  =  77  per 
cent  as  its  ordinate. 

Where  the  sieve  analysis  curves  overlap,  as  in  the  case  of  com- 
bining a  coarse  gravel  with  a  fine  gravel  which  is  to  take  the  place 
of  sand,  a  slightly  different  procedure  is  required.    This  case  is 
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illustrated  in  Curves  A,  R,  and  S.  The  method  followed  is  to 
try  out  various  proportions,  but  instead  of  acutally  measuring  the 
densities  of  the  resulting  mixtures  as  in  the  case  of  Proportioning 
by  Trial,  the  relative  densities  are  tested  by  a  comparison  with 
the  maximum  density  curve.    For  a  1 : 6  mixture,  for  example, 


1:13^:4^,  1:  IK:  4>i  1:2:4,  1:2^:3%,  1:2^:3^  might  be  used 


and  the  curve  for  each  mixture  calculated,  and  the  curve  nearest 
the  maximum  density  curve  would  represent  the  best  pro- 
portions. For  example,  to  obtain  a  point  on  a  curve  for  the 
1:2:4  proportions  corresponding  to  the  0.5  in.  size,  the  ordinate 
would  be  obtained  as  follows: 


That  is,  the  ordinate  to  the  curve  at  this  size  would  be  46.9 
per  cent.1 

Manifestly,  it  is  needless  to  secure  a  theoretical  refinement  in 
proportioning  which  practical  methods  of  mixing  and  the  varying 
character  of  the  materials  will  not  permit  to  be  realized  in 
practice. 

Proportioning  by  Fineness  Modulus  of  Aggregates  and  Other 
Methods. — Recently,  Professor  D.  A.  Abrams  at  Lewis  Institute 
has  conducted  extensive  investigations  on  the  properties  of 
aggregates  and  their  relation  to  proportioning  of  concrete.  He 
has  devised  a  measure  of  the  fineness  and  grading  of  aggregates, 
called  the  "fineness  modulus,"  which  is  defined  as  "the  sum  of 
the  percentages  in  the  sieve  analysis  of  the  aggregate  divided  by 
100."  The  sieves  used  by  him  are  from  the  Tyler  standard 
series:  100,  48,  28,  14,  4,  %,  and  1J£.  Each  sieve  has  a  clear 
opening  just  double  the  width  of  the  preceding  one,  and  the  curve 
is  plotted  with  per  cents  coarser  than  each  sieve  instead  of  per  cents 
passing,  as  in  the  previous  article.  Thus,  a  well  graded  torpedo 
sand  will  have  a  fineness  modulus  of  3.00,  while  a  fine  drift  sand 
will  give  a  modulus  as  low  as  1.50;  a  well  graded  coarse  aggregate, 
3^-13^  in.,  will  give  a  modulus  of  about  7.00,  while  a  mixture  in 
proper  proportions  for  a  1:4  mix  will  have  a  modulus  of  about 

1  For  a  more  extended  exposition  of  this  method  of  proportioning,  the 
reader  is  referred  to  Taylor  and  Thompson,  "Concrete,  Plain  and  Re- 
inforced," Chap.  X  and  App.  I. 


yj  of  100  per  cent 


%  of  79  per  cent 
%  of  18  per  cent 


Per  Cent 

=  14.3 
=  22.3 
=  10.3 


46.9 
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5.80.  Figure  19  shows  the  relation  between  the  fineness  modu- 
lus and  the  compressive  strength. 

Professor  Abrams'  experiments  caused  him  to  conclude  that 
the  "water-cement  ratio"  is  a  determining  factor  in  fixing  the 


Fig.  19. — Relation  between  fineness  modulus  and  strength  of  concrete. 
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Wafer-  Ratio  to  Vo/ume  of  Cement  gm  x 
Fig.  20. — Relation   between  water-cement   ratio   and   strength   of  concrete. 

strength  of  concrete  so  long  as  a  workable  mix  is  used.  Figure 
20  taken  from  Bulletin  No.  1  of  the  Structural  Research  Labora- 
tory of  Lewis  Institute  summarizes  his  results,  the  dry  mixes 
being  omitted  since  only  "workable"  mixes  were  plotted. 

This  method  of  proportioning  consists  essentially  in  selecting 
the  proper  fineness  modulus  for  the  desired  mixture  from  Fig.  21, 
calculating  the  fineness  moduli  for  the  aggregates  at  hand,  and 
then  calculating  the  proper  percentage  of  each  aggregate  from  the 
formula : 

_  C  —  M 
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where  Pf  is  the  proportion  of  the  fine  aggregate  in  the  total  mix- 
ture of  aggregates, 
C  is  the  fineness  modulus  of  the  coarse  aggregate  used, 
F  is  the  fineness  modulus  of  the  fine  aggregate  used, 
M  is  the  fineness  modulus  of  the  final  aggregate  mixture 
from  diagram. 

The  values  in  Fig.  21  are  for  rounded  gravel  and  sand;  for 
crushed  stone,  slag,  pebbles  with  flat  particles,  and  for  stone 
screenings  as  fine  aggregate,  these  values  should  be  reduced  by 


Fig.  21. — Maximum  permissible  value  of  fineness  modulus. 

0.25.  Certain  other  refinements  are  given  by  Professor  Abrams 
which  need  not  be  set  down  here. 

For  example,  given  a  gravel  graded  from  0-1^  in.,  having  a 
fineness  modulus  of  7.2  and  a  sand  graded  0->^  in.,  with  a  fineness 
modulus  of  2.4.  For  a  1 : 6  mix,  Fig.  21  shows  a  desirable  fineness 
modulus  for  the  mixture  of  5.6.  Then  the  proportion  of  sand  is 
pf  =  (7.2  -  5.6)  -v-  (7.2  -  2.4)  =  0.33.  Out  of  a  total  of  6  parts 
of  aggregate,  therefore,  the  fine  aggregate  should  constitute  two 
parts.    Hence,  the  mixture  should  be  1:2:4. 

L.  N.  Edwards  devised  a  mode1  of  proportioning  concrete  by 
means  of  the  surface  areas  of  the  aggregates,  the  principle  being 
that  other  factors  remaining  constant,  the  aggregates  with  a 
minimum  of  superficial  area  gives  the  strongest  concrete.  While 
this  principle  is  generally  recognized  as  being  true,  owing  to 
the  fact  that  the  less  the  superficial  area  the  more  perfectly  will 
the  cement  paste  cover  the  particles,  yet  the  methods  of  using  the 
1  Proc.  Am.  Soc.  for  Testing  Materials,  1918,  p.  235,  ff. 
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principle  practically  are  too  complicated  to  permit  the  method 
to  be  generally  used  in  practice. 

Professor  Abrams'  fineness  modulus  method  apparently  con- 
tains the  same  principle  as  the  maximum  density  curve,  for  when 
the  fineness  modulus  is  calculated  for  the  maximum  density  curve 
for  each  mixture  shown  in  Fig.  19,  this  fineness  modulus  has  the 
value  which  gives  the  maximum  strength  of  concrete. 

Several  other  methods  of  proportioning  concrete  have  been 
proposed  by  various  experimenters,  but  they  need  not  be  described 
in  this  connection  as  none  of  them  has  gained  wide  acceptance. 

Water  for  Concrete  and  Consistency. — Water  for  making  con- 
crete should  be  free  from  oil,  acid,  alkali,  and  organic  matter.  A 
small  amount  of  inorganic  silt  or  clay  which  may  make  the  water 
appear  turbid  does  not  appear  to  be  seriously  injurious.  The  tem- 
perature of  the  water  has  no  appreciable  effect  on  the  strength  of 
the  concrete. 

The  amount  of  water  used  in  mixing  has  a  very  marked  effect 
on  the  quality  of  the  concrete,  an  excess  of  water  beyond  that 
required  to  give  a  workable  mix  greatly  reducing  the  strength 
of  the  concrete.  (See  Fig.  20.)  A  supersaturated  solution  of  the 
colloidal  parts  of  the  cement  making  a  gel  is  necessary  to  permit 
crystallization,  and  an  excess  of  water  delays  this  crystallization 
and  hinders  the  interlacing  of  the  crystals  thereby  reducing  the 
strength  of  the  resulting  concrete  or  mortar. 

The  proper  percentage  of  water  is  given  according  to  Pro- 
fessor D.  A.  Abrams  by  the  following  formula: 

Where  x  =  Water  required — ratio  to  volume  of  cement  in 
batch  (water-ratio). 
R  =  Relative  consistency,  or  "Workability  factor." 
Where  R  =  1.00  the  concrete  is  said  to  be  of 
' 1  normal  consistency. ' ' 
p  =  Normal  consistency  of  cement  by  weight  (assume 

V  =  0.23). 
m  =  Fineness  modulus  of  aggregate. 
n  =  Volume  of  mixed  aggregate  to  one  volume  of  cement. 
a  =  Absorption  of  aggregate,  ratio  of  water  absorbed 

to  volume  of  aggregate, 
c  =  Moisture  in  aggregate,  ratio  of  water  contained 
to  volume  of  aggregate, 
(a  —  c)  =  Net  absorption  of  aggregate  by  volume. 
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Generally  (a  —  c)  may  be  assumed  as  0.02.  In  other  words  the 
net  quantity  of  water  taken  by  the  aggregate  is  2  per  cent  by 
volume.  This  value  may  be  used  for  ordinary  limestones  and 
pebbles.  For  crushed  trap  and  granite  it  is  somewhat  high.  It  is 
too  high  in  any  case  where  the  aggregate  is  saturated  with  water. 

A  relative  consistency  of  1.00  (normal  consistency)  requires  the 
use  of  such  a  quantity  of  mixing  water  as  will  cause  a  slump  of 
to  1  in.  in  a  freshly  molded  6  by  12-in.  cylinder  of  about  1:4 
mix  upon  withdrawing  the  form  by  a  steady,  upward  pull.  This 
consistency  is  somewhat  dry  for  most  concrete  work,  but  can  be 
used  where  light  tamping  is  practicable. 

A  relative  consistency  of  1.10  (10  per  cent  more  water  than 
required  for  normal  consistency)  represents  about  the  driest 
concrete  which  can  be  satisfactorily  used  in  concrete  road  con- 
struction. Under  the  conditions  mentioned  above,  this  con- 
sistency will  give  a  slump  of  about  5  to  6  in. 

A  relative  consistency  of  1.25  represents  about  the  wettest 
consistency  which  should  be  used  in  reinforced  concrete  building 
construction.  Under  the  conditions  mentioned  above,  this 
consistency  will  give  a  slump  of  about  8  to  9  in. 

The  consistency  of  concrete  is  variously  described,  as:  "dry" 
when  just  enough  water  has  been  added  to  make  the  cement 
adhere,  "moist"  when  it  has  the  appearance  of  damp  earth, 
"plastic"  when  the  maximum  amount  of  water  has  been  added 
that  will  permit  the  forms  to  be  removed  immediately,  "quaking" 
when  water  will  flush  to  the  surface  on  tamping,  "mushy"  when 
it  will  flow  sluggishly  and  can  be  readily  spaded  into  forms,"  fluid" 
when  decidedly  watery  and  flows  readily,  "sloppy"  or  "wet" 
when  there  is  a  decided  excess  of  water. 

Dry  and  plastic  concretes  must  be  tamped  into  place,  while  the 
wetter  consistencies  facilitate  the  handling,  are  more  easily  worked 
into  place  and  give  a  smoother  surface  when  forms  are  removed. 
"Mushy"  or  "fluid"  consistencies  are  almost  imperative  for 
highly  reinforced  work,  but  the  use  of  "wet"  or  "sloppy "mix- 
tures should  not  be  tolerated,  as  the  strength  of  the  resulting 
concrete  may  be  only  a  small  fraction  of  what  it  would  be  if 
properly  put  in  place.  For  example,  the  Bureau  of  Standards 
found  that  3  per  cent  more  water  than  the  amount  required  for 
maximum  strength  decreased  the  strength  50  per  cent.  The 
injurious  effect  of  too  much  water  cannot  be  too  much  emphasized. 
The  desired  fluidity  of  the  mixture  can  be  secured  with  the  proper 
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amount  of  water  and  additional  mixing  in  the  mixer,  as  will  be 
seen  in  the  next  article. 

The  most  practical  test  for  the  consistency  of  concrete  is  the 
"  slump  test."  A  smooth  iron  frustrum  of  a  cone  12  in.  in  height 
8  in.  in  diameter  at  the  bottom  and  4  in.  in  diameter  at  the  top, 
is  filled  with  the  concrete  tamped  in  place.  The  frustrum  of  the 
cone  is  then  lifted  directly  vertically  and  the  "slump"  or  decrease 
in  height  from  the  original  height  is  measured.  "Dry "concrete 
will  give  a  slump  of  0-^  in.,  plastic  about  1  in.,  mushy  about  8 
in.  and  "wet"  mixtures  more  than  8  in.  A  good  workable  mix 
for  reinforced  construction  should  have  a  slump  of  about  4  to  6 
in.  A  6  by  12  in.  cylinder  was  formerly  used  for  making  the 
slump  test,  but  the  frustrum  of  a  cone  has  been  found  more 
satisfactory. 

Mixing  Concrete. — Concrete  may  be  mixed  by  hand  on  a  mixing 
board  with  shovels,  but  machine  mixing  is  preferable  for  large 
work  because  it  is  more  economical  and  yields  better  concrete. 
Under  normal  circumstances,  therefore,  only  batch  machine 
mixing  should  be  allowed.  In  any  case  it  is  important  that  the 
ingredients  be  accurately  measured  in  order  that  the  proportions 
may  be  reliably  determined.  Where  the  materials  are  wheeled 
to  the  mixer,  wheelbarrows  are  usually  taken  as  the  unit  of  meas- 
urement. A  measuring  tank  for  the  water  should  be  attached  to 
the  mixer. 

There  is  a  great  variety  of  concrete  mixers  on  the  market,  but 
the  more  successful  ones  consist  essentially  of  a  rotating  drum 
with  scoop-like  projections  inside  which  carry  the  ingredients 
near  to  the  top  of  the  drum  and  drop  them  to  the  lower  side  as  the 
drum  rotates  on  its  axis.  This  action  churns  and  kneads  the 
ingredients  together  into  an  intimate  mixture,  which  produces 
better  results  than  merely  stirring.  These  mixers  should  rotate 
at  18  to  20  r.p.m.  for  best  results  and  economy,  a  small  variation 
in  speed  having  no  appreciable  effect  on  the  character  of  the 
concrete. 

The  time  of  mixing  is  important.  The  mixing  should  continue 
a  full  minute  after  all  ingredients,  including  the  water,  are  in  the 
mixer  before  discharging  is  begun.  There  is  not  much  gain  in 
strength  by  mixing  for  a  longer  period  than  1  to  13^  min.  if  the 
mixer  rotates  at  approximately  the  above  speed.  For  mixers 
rotating  at  slower  speeds,  the  time  of  mixing  should  be  extended. 
Additional  mixing  secures  flowability  or  fluidity  of  the  concrete 


90    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 

without  impairing  its  strength  as  does  the  addition  of  water. 
Some  batch  mixers  are  provided  with  a  timing  device  which 
automatically  discharges  the  concrete  at  the  end  of  the  interval  for 
which  it  is  set.    Professor  D.  A.  Abrams  formulated  the  equation 

S  =  k  +  n-logt 

for  the  strength,  S,  in  terms  of  the  time  of  mixing  t,  where  k  and 
n  are  parameters  depending  upon  the  consistency,  the  materials, 
etc.  In  general,  the  gain  after  about  1  min.  does  not  warrant 
further  mixing. 

Placing  Concrete  in  Forms. — The  setting  up  or  hardening  of 
concrete  begins  very  soon  after  the  water  is  added,  hence,  con- 
crete should  be  placed  immediately  in  the  forms.  It  should  be 
deposited  in  layers  of  uniform  depth  all  around  the  form,  unless 
for  some  special  reason,  the  work  is  being  built  up  in  sections. 
Where  plastic  concrete  is  being  put  in  place,  as  in  foundations, 
machine  bases,  etc.,  it  should  be  tamped  as  it  is  placed.  Mushy 
and  fluid  concrete  should  be  "spaded"  as  it  is  placed.  This  is 
accomplished  by  pushing  a  straight  shovel  or  hoe  down  along  the 
side  against  the  forms  and  pressing  the  coarse  aggregate  back  and 
allowing  the  finer  matrix  to  flow  against  the  forms  in  order  that  a 
smooth  surface  may  result  when  the  latter  are  removed. 

Before  the  concrete  is  placed,  the  forms  should  be  thoroughly 
wet  down,  or  oiled,  in  order  that  the  concrete  may  not  stick  to 
the  lumber.  Where  the  forms  are  built  up  in  sections  to  be  re- 
used oiling  is  frequently  found  to  be  the  more  convenient.  All 
shavings,  blocks,  and  debris  should  be  removed  before  placing 
concrete  in  the  forms  and  all  "spreaders"  and  other  bracing 
should  be  removed  as  the  concrete  rises  in  the  forms. 

When  it  is  necessary  to  stop  work  before  the  forms  are  filled, 
as  at  night,  the  top  of  the  concrete  deposited  should  be  left  rough 
and  clean  in  order  to  secure  a  bond  to  that  subsequently  placed. 
Before  resuming  work,  the  surface  should  be  scrubbed  if  "lait- 
ance"  or  other  foreign  matter  is  present,  thoroughly  wet  down, 
and  preferably  washed  with  a  cement  grout.  By  "caulking" 
the  concrete  already  in  place  down  against  the  forms  before 
placing  fresh  concrete,  unsightly  juncture  markings  may  be 
avoided. 

When  concrete  is  being  deposited,  the  inspector  should  be 
careful  to  see  that  the  ingredients  do  not  become  segregated  in 
any  batch,  the  coarse  material  going  one  place  and  the  matrix 
another.    This  is  a  danger  particularly  inherent  in  the  spouting 
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method  of  construction  and  should  be  guarded  against.  In 
general  better  results  are  obtained  if  the  concrete  is  spouted  into 
a  receptacle  and  then  dumped  into  the  forms  rather  than  being 
spouted  directly  into  the  forms. 

Curing  Concrete  after  Deposition. — As  previously  shown,  the 
hardening  of  concrete  is  not  a  drying  out  process,  but  a  chemical 
action,  for  the  consummation  of  which,  water  is  absolutely 
essential.  Allowing  excessive  evaporation,  therefore,  after  the 
concrete  is  placed  by  leaving  the  surface  unprotected  will  greatly 
impair  its  quality.  Particularly  in  hot  dry  weather  is  it  necessary 
to  keep  the  surfaces  covered  until  hardening  is  well  along.  When 
temperatures  are  not  extremely  high,  in  the  humid  regions, 
sprinkling  the  surface  by  means  of  a  hose,  if  frequently  done, 
will  suffice. 

Tests  made  by  Professor  Abrams1  showed  that  "concrete 
stored  for  4  months  in  damp  sand  and  tested  damp  is  23^  to  3 
times  as  strong  as  similar  concrete  which  has  been  exposed  to 
room  atmosphere  for  the  same  period.  Protecting  the  concrete 
from  drying  out  for  only  10  days  gives  an  increase  in  strength  of 
about  75  per  cent  for  the  dryer  mixes. "  The  necessity  of  having 
sufficient  water  present  to  secure  proper  curing  constitutes  an 
argument  against  the  use  of  dry  mixtures  for  exposed  work. 

Quantity  of  Materials  Required. — Probably  the  most  con- 
venient mode  of  estimating  the  quantities  of  cement,  sand  and 
stone  required  for  a  given  volume  of  concrete  is  by  the  use  of  an 
empirical  rule  devised  by  W.  B.  Fuller,  which  is 

c  +  s  +  g 
S  =  C  XsX  3.8/27. 
G  =  C  Xg  X  3.8/27 

where  C  is  the  number  of  barrels  of  cement  per  cubic  yard  of 
concrete, 

S  is  the  number  of  cubic  yards  of  sand  required  for  one 

cubic  yard  of  concrete, 
G  is  the  number  of  cubic  yards  of  stone  or  gravel  required 

for  one  cubic  yard  of  concrete, 
c:s:g  represents  the  proportions  of  cement,  sand  and  stone, 

as,  e.g.,  1:2:4. 

For  well  graded  aggregates,  this  rule  gives  results  about  5 
1  Structural  Mils.  Research  Lab.,  Lewis  Inst.,  Bull.  2,  p.  17. 
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per  cent  too  high.  It  is  predicated  on  average  materials  and  all 
materials  being  measured  loose. 

Extensive  tables  have  been  prepared  for  estimating  quantities, 
but  it  does  not  seem  necessary  to  include  any  such  tables  here. 

Depositing  Concrete  under  Water. — When  concrete  has  to  be 
deposited  under  water,  it  should  not  be  dropped  through  the 
water  but  should  be  carried  to  its  place  by  means  of  buckets,  in 
bags  or  through  a  tremie.  If  such  precautions  are  not  taken,  the 
cement  will  wash  out  of  the  concrete  and  impair  its  strength. 
The  use  of  a  tremie  is  probably  the  most  satisfactory  method. 
A  tremie  consists  of  a  spout  or  conduit  6  to  14  in.  in  diameter  with 
a  funnel  shaped  top  into  which  the  concrete  is  poured.  The 
bottom  of  the  tremie  rests  directly  on  the  mass  of  concrete 
already  deposited,  or  slightly  projects  into  it,  so  that  the  concrete 
does  not  drop  through  the  conduit  but  runs  through  slowly,  and 
inasmuch  as  the  tube  is  entirely  filled  with  concrete  all  the  time, 
the  water  is  excluded.  The  concrete  oozes  out  at  the  bottom 
causing  a  minimum  of  disturbance. 

When  concrete  is  deposited  in  paper  bags  under  water,  the  bags 
should  not  be  ruptured  until  after  they  are  in  place,  when  the 
paper  softens  and  the  concrete  forms  a  more  or  less  continuous 
mass. 

Where  concrete  is  dropped  through  water,  or  where  an  excess 
of  water  is  used  in  the  mixing,  laitance  usually  forms  and  must  be 
carefully  scrubbed  off  at  constructon  joints,  otherwise  a  plane  of 
weakness  will  be  formed.  Laitance  consists  of  fine  particles 
from  the  cement  and  much  of  the  dust  and  dirt  from  the  aggre- 
gates, which  together  with  the  foam  on  the  surface  of  the  water 
above  the  concrete  forms  this  milky  appearing  substance,  hence 
its  name.  Laitance  is  deleterious  and  should  be  avoided,  and  if 
it  forms,  it  should  be  carefully  scrubbed  off  free  surfaces  before 
depositing  more  concrete.  Chemically,  laitance  has  much  the 
same  composition  as  cement,  but  it  is  entirely  devoid  of  any 
cementitious  properties. 

Special  Methods  of  Depositing  Concrete. — The  art  of  deposit- 
ing concrete  has  been  given  much  attention  and  as  a  result,  many 
elaborate  processes  have  been  devised.  It  is  entirely  beyond  the 
scope  of  the  present  discussion  to  describe  any  of  these  processes 
in  detail,  but  a  brief  mention  of  some  of  the  more  important  ones 
may  not  be  out  of  place,  as  they  may  directly  influence  the  design 
of  the  structures. 
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On  large  works,  the  mixing  is  done  most  economically  at  a 
central  mixing  plant  of  large  capacity  to  which  the  materials 
can  be  conveniently  transported,  and  the  concrete  is  then  con- 
veyed to  the  forms  by  various  means,  such  as  wheel  barrows, 
"buggies"  or  two  wheel  push  carts,  cars  on  construction  tracks, 
cableways  and  buckets,  and  by  gravity  down  chutes  from  a 
central  tower  up  which  the  mixed  concrete  is  hoisted  in  buckets 
by  power.  The  last  method  has  been  so  extensively  used  in 
recent  years  that  it  has  become  almost  the  standard  method. 

In  chuting  concrete,  there  is  a  tendency  on  the  part  of  many 
contractors  to  mix  the  concrete  too  wet  in  order  to  secure  rapid 
flow  down  chutes  at  a  flat  slope,  for  the  flatter  the  slope  the  less 
the  height  of  the  tower  and  the  more  cheaply  the  concrete  may 
be  deposited.  The  slope  of  the  chutes  depends  somewhat  on  the 
character  of  the  aggregates  used.  With  a  mushy  consistency  the 
following  slopes  have  been  found  to  give  satisfaction,  although 
they  represent  about  a  minimum  and  in  general  somewhat  steeper 
slopes  should  be  required  in  order  that  there  may  be  no  incentive 
to  use  too  wet  mixtures  of  concrete. 

For  rounded  gravel  

For  angular  stone  1  inch 
For  angular  stone  2  inch 

On  important  reinforced  work,  the  specification  of  30°  as  a  mini- 
mum slope  is  not  uncommon.  However,  the  slope  necessarily 
varies  with  the  distance  to  be  spouted.  Mushy  concrete  may  be 
satisfactorily  deposited  for  distances  up  to  50  or  75  ft.  with  natter 
slopes,  say  4:1  or  even  flatter,  while  for  greater  distances,  steeper 
slopes  are  required.  The  abuses  arising  from  spouting  concrete 
are  numerous  and  the  work  should  be  carefully  safeguarded  and 
inspected  when  this  method  is  used. 

The  choice  of  method  of  depositing  concrete  depends  upon 
local  conditions  and  the  nature  of  the  structure.  In  a  building 
or  other  structure  which  covers  approximately  a  square  or  circu- 
lar area,  the  chuting  process  is  usually  the  most  economical;  for 
a  long  arch  bridge  or  viaduct,  a  long  concrete  dam,  or  any  other 
structure  of  considerable  length,  a  cable  and  bucket,  or  a  track  and 
cars  are  usually  more  advantageous. 

A  process  of  recent  invention  should  be  mentioned  here  because 
of  its  peculiar  adaptability  in  covering  or  masking  surfaces  with 
a  relatively  thin  layer  of  concrete.    This  is  a  proprietary  process 


3:1  or  about  18° 
2% :  1  or  about  20° 
2K:1  or  about  24° 
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and  is  known  as  the  Cement  Gun  process.  Briefly,  it  consists  of 
projecting  the  concrete  ingredients,  a  fine  aggregate  being  used, 
together  with  the  necessary  water  from  a  nozzle  under  air  pres- 
sure against  the  surface  to  be  covered  with  such  velocity  that  the 
material  adheres  to  the  surface.  Usually  the  surface  is  previously 
covered  with  a  wire  or  other  mesh  reinforcing,  which  decreases 
the  "rebound"  or  loss  through  a  portion  of  the  material  failing 
to  adhere  and  falling  down.  This  "rebound"  consists  almost  en- 
tirely of  sand  and  amounts  to  15  to  35  per  cent  of  the  amount 


Fig.  22. — Covering  a  steel  girder  with  concrete  by  means  of  a  "cement  gun." 

delivered  by  the  nozzle.  This  sand  is  gathered  up  and  used  over 
again  in  the  mixer.  The  process  is  much  used  in  masking  girder 
bridges,  timber  walls,  coating  masonry  walls,  lining  leaking  reser- 
voirs, etc.  The  product  is  strong  and  has  a  low  per  cent  of  absorp- 
tion. The  material  thus  deposited  is  essentially  a  mortar  and 
tests  have  shown  it  to  have  qualities  superior  in  general  to  mortar 
or  concrete  mixed  and  placed  in  the  usual  methods.  The  cost 
of  the  process  varies  with  conditions  of  the  work.  Figure  22 
illustrates  the  method  of  application  to  a  steel  girder. 

Placing  Concrete  in  Freezing  Weather. — Cold  temperatures 
delay  the  setting  up  of  concrete  while  heat  or  steam  hastens  the 
process.  The  effect  of  cold  weather  becomes  especially  marked 
below  50°  F.  Whenever  it  is  necessary  to  deposit  concrete  in 
freezing  weather,  the  aggregates  and  the  water  should  be  heated 
by  contact  with  steam  pipes.  The  cement,  since  it  constitutes 
a  small  proportion  of  the  total  and  is  difficult  to  handle,  need  not 
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be  heated.  Concrete  should  have  a  temperature  of  not  less  than 
about  60°  F.  when  deposited,  regardless  of  the  temperature  of  the 
atmosphere. 

Alternate  freezing  and  thawing  while  setting  will  almost  com- 
pletely destroy  the  strength  of  concrete,  while  if  frozen  but  once 
and  allowed  to  set  up  and  harden  completely  after  thawing  out, 
the  harm  done  is  minimized.  If  the  concrete  is  allowed  to  set  up, 
even  though  it  does  not  completely  harden  before  freezing,  the 
harm  is  not  so  serious.  For  this  reason,  in  freezing  weather,  the 
materials  should  be  heated,  the  heat  hastening  the  setting  and  at 
the  same  time  giving  sufficient  time  for  setting  to  occur.  The 
work  should  be  protected  by  covering  with  straw,  canvas,  or 
otherwise  for  at  least  48  hours  after  the  concrete  is  deposited. 
The  setting  of  cement  generates  some  heat,  and  by  heating  the 
materials,  concreting  may  be  successfully  carried  on  in  cold 
weather  if  the  concrete  is  covered  immediately  after  depositing, 
particularly  if  the  work  is  in  a  sheltered  position,  such  as  in  a 
partially  inclosed  building.  Frozen  lumps  in  the  aggregates 
should  be  carefully  avoided. 

Tests  reported  by  K.  H.  Talbot1  show  that  1:2:4  concrete  kept 
at  10°  F.  until  7  days  before  testing  and  then  at  40°  to  60°  F., 
showed  only  36  per  cent  of  the  strength  of  corresponding  speci- 
mens kept  at  about  68°  F.  all  the  time.  Specimens  kept  above 
salamanders  in  an  inclosed  space  were  2.4  times  as  strong  at  8 
days  as  those  exposed  under  a  cover  of  tar  paper,  and  2.0  times 
as  strong  at  40  days. 

The  use  of  common  salt  in  the  mixing  water  to  prevent  freezing 
is  not  recommended,  although  it  has  been  frequently  so  used. 
While  salt  thus  used  lowers  the  freezing  temperature,  it  also 
retards  the  setting  of  the  cement  when  speedy  setting  is  most 
desired.  If  added  in  an.  amount  that  appreciably  affects  the 
freezing  temperature,  say  10  per  cent  of  the  weight  of  the  water, 
it  has  a  deleterious  effect  on  the  strength  of  the  concrete.  Its  use 
in  reinforced  concrete  is  particularly  objectionable  because  of  its 
corroding  effect  on  the  steel.  Essentially  the  same  objections 
apply  to  calcium  chloride  as  to  sodium  chloride,  only  that  the 
corrosion  effect  on  reinforcing  steel  is  more  serious.2 

Strength  and  Elastic  Properties  of  Concrete— The  strength 
and  elastic  properties  of  concrete,  as  has  been  shown,  depend 

lProc.  Ohio  Eng.  Soc,  1913-14,  p.  151. 

2  Engineering  News-Record,  May  13,  1920. 
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very  largely  upon  the  manner  of  fabrication  and  the  treatment 
after  molding.  Allowing  freshly  deposited  concrete  to  be  exposed 
to  dry  atmosphere,  thereby  permitting  excessive  evaporation  of 
the  water  from  the  surface,  may  reduce  the  strength  as  much  as 
40  per  cent,  while  proper  methods  of  fabrication  may  increase  the 
strength  as  much  as  25  to  100  per  cent.  The  strength  and  elastic 
properties  of  concrete  vary  with  its  age,  as  illustrated  in  Fig.  23. 


Z  1    14       28daus    3mo-      6mo.  \2mo. 
Age  When  Tested 


Fig.  23. — Effect  of  age  on  the  properties  of  concrete. 

In  selecting  the  permissible  working  stresses  in  concrete,  the 
designer  should  be  governed  by  the  ultimate  compressive  strength 
of  the  concrete  under  consideration.  Table  VI1  gives  the  average 
compressive  strengths  of  different  grades  of  concrete  recommended 
by  the  Joint  Committee,  although  for  special  conditions  using 
special  materials  and  methods,  these  strengths  might  be  increased 
by  as  much  as  perhaps  100  per  cent. 

Slag  concrete  may  be  expected  to  show  about  the  same  strength 
as  gravel  concrete,  and  coke  breeze  concrete  about  two-thirds  that 
of  broken  stone. 

The  tensile  strength  of  concrete  is  usually  not  of  great  im- 
portance, yet  at  times  it  may  be  desirable  to  take  advantage 

1  Trans.  Am.  Soc.  C.  E.,  vol.  81,  p.  1143. 
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Table  VI. — Compressive  Strength  of  Concrete 


Aggregate 

Mixture 

1:3 

l'AH 

1:6 

1:7H 

1:9 

Granite,  trap  rock  

3,300 

2,800 

2,200 

1,800 

1,400 

Gravel,  limestone,  or  hard  sand- 

3,000 

2,500 

2,000 

1,600 

1,300 

Soft  limestone  and  sandstone.. .  . 

2,200 

1,800 

1,500 

1,200 

1,000 

800 

700 

600 

500 

400 

of  the  tensile  strength  in  the  design  of  structures.  Tests  made 
at  the  Massachusetts  Institute  of  Technology  show  the  values  of 
the  tensile  strength  given  in  Table  VII.1 


Table  VII. — Tensile  Strength  of  Concrete 


Tensile  strength  at  28  days 


Proportions 

Lbs.  per  sq.  in. 

Per  cent  of  compressive 
strength 

1:1:2 

210 

6.4 

175 

7.0 

1:2:4 

140 

8.0 

1:2^:5 

110 

9.0 

The  direct  shearing  strength  of  concrete  may  be  a  determining 

factor  in  design  under  certain  circumstances.    Values  as  deter- 

mined at  the  University  of  Illinois  were  as 

follows : 

Proportions 

Shearing  strength  lbs. 
per  sq.  in. 

Ratio  of  shear  to  com- 
pressive strength 

1:2:4 

1,418 

0.44 

1:3:6 

1,250 

0.57 

Tests  by  punching  through  plates  gave  shear  strengths  varying 
from  37  to  90  per  cent  of  the  compressive  strength. 

Diagonal  shear  (diagonal  tension)  and  bond  strengths  will  be 
discussed  in  Chapter  IV. 

1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  8. 
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Figure  24  shows  stress-strain  diagrams  of  concrete  of  propor- 
tion varying  from  1 :3  to  1 : 10  and  illustrates  the  variation  of  the 
modulus  of  elasticity  with  the  stress.  Table  VIII  gives  average 
values  of  the  modulus  of  elasticity  for  different  mixtures  at 
working  stresses  and  Fig.  251  shows  the  variation  for  sand  and 
pebble  concrete  of  the  modulus  with  respect  to  the  amount  of 
cement  used  and  the  age. 


Table  VIII. — Modulus  of  Elasticity  of  Concrete 
3  Months 


Proportions 

Initial  tangent  mod. 

At  1,000  lb.  per  sq.  in. 

Limestone 

Pebbles 

Limestone 

Pebbles 

1:9 
1:6 
1:5 
1:4 

3,870,000 
5,800,000 
5,900,000 
7,600,000 

3,000,000 
5,000,000 
5,500,000 
5,900,000 

2,500,000 
4,520,000 
4,610,000 
5,890,000 

2,200,000 
4,380,000 
4,700,000 
4,700,000 

Stanton  Walker  gives  the  following  equations2  as  the  relation 
between  modulus  of  elasticity  and  compressive  strengths: 


Ei  =  40,000£0-6 
Ew  =  84,300£0-47 

where  Ei  is  the  initial  modulus  of  elasticity,  Ew,  the  modulus  at  one 
quarter  of  the  compressive  strength,  and  S,  the  compressive 
strength. 

While  the  data  of  Table  VIII  seem  to  indicate  that  concrete  of 
broken  stone  has  a  larger  modulus  of  elasticity  than  that  of 
gravel,  such  may  not  always  be  the  case,  and  variations  must  be 
counted  on. 

When  subjected  to  a  load  for  a  considerable  period  of  time, 
concrete  seems  to  flow,  probably  by  a  readjustment  of  the  crystal- 
lization, so  that  the  initial  modulus  of  elasticity  is  decreased  in 
effect,  and  stresses  that  would  be  produced  by  such  prolonged 
and  gradual  strains  as  those  due  to  shrinkage  and  temperature 
changes  are  mitigated  to  a  considerable  extent,  this  time  yield  of 
the  concrete  throwing  a  larger  proportion  of  the  stress  into  the 
reinforcing  steel.3 

1  Structural  Mtls.  Research  Lab.,  Bull.  5. 

2  Structural  Mtls.  Research  Lab.,  Bull.  5,  p.  65. 

3  Trans.  Am.  Soc.  C.  E.,  vol.  80,  p.  1747  ff. 
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Concrete  can  scarcely  be  said  to  have  an  elastic  limit  for  it 
shows  permanent  set  under  comparatively  light  loads.  It  will 
fail  by  fatigue  even  though  the  stress  does  not  exceed  one  half 
the  ultimate  strength. 

The  weight  of  concrete  depends  upon  the  specific  gravity  of  the 
aggregates  and  the  density  of  the  mix,  and  hence  upon  the  consis- 
tency. Table  IX  taken  from  Bulletin  58  of  the  Bureau  of  Stand- 
ards shows  the  effect  of  various  factors  on  the  weight  of  concrete. 

Abrasive  Resistance  of  Concrete. — In  floors,  pavements  and 
other  places  where  concrete  is  subjected  to  wear,  special  precau- 
tions should  be  taken  to  secure  high  abrasive  resistance.  This 
is  done  by  using  a  hard  well  graded  aggregate  with  a  rich  mix. 
The  wear  has  to  be  borne  by  the  aggregate  and  unless  it  is  hard, 
the  resistance  of  the  concrete  will  be  low,  since  the  cement  matrix 
has  a  low  resistance  to  wear.  A  plastic  consistency  should  be 
used  and  then  the  surface  should  be  "floated"  or  otherwise 
kneaded  to  drive  off  any  excess  water  and  secure  maximum 
density.  Too  wet  concrete  should  be  avoided,  yet  at  the  same 
time  the  concrete  should  be  cured  under  such  conditions  as  will 
prevent  too  early  drying. 

Professor  D.  A.  Abrams  has  reported  the  following  relation 
between  the  wear  and  the  compressive  strength  of  concrete, 
although  the  character  of  the  aggregates  may  lead  to  variations 
in  this  relationship. 

S-Wx  =K, 

where  &  is  the  compressive  strength  of  the  concrete  and  W  is  the 
wear  in  inches  depth  caused  by  the  Talbot-Jones  abrasion  rattler, 
the  value  of  x  being  about  1.07  for  1 : 5  concrete.  These  observa- 
tions indicate  that  in  general,  the  same  factors  promote  resistance 
to  wear  that  improve  compressive  strength. 

Expansion  and  Contraction  of  Concrete. — Concrete  expands 
and  contracts  with  changes  of  temperature  as  does  other  mate- 
rials, its  coefficient  of  expansion  per  degree  Fahrenheit  being  about 
as  follows: 

1:1^:3  concrete   0.000,0068 

1:2:4   0.000,0065 

1:3:6   0.000,0054 

1:2  to  1:4  mortar...   0.000,0060 

Concrete  also  contracts  in  setting  up,  the  coefficient  of  con- 
traction for  1:2:4  concrete  being  about  0.0003,  or  0.03  per  cent. 
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This  shrinkage  due  to  setting  and  hardening  may  cause  consider- 
able initial  stress  in  steel  reinforcement  as  will  be  seen  in  the 
next  chapter. 

The  contraction  of  concrete  due  to  temperature  changes  and 
to  hardening  necessitates  the  placing  of  expansion  (contraction) 
joints  at  intervals  in  order  to  prevent  the  promiscuous  cracking 
of  the  surface  and  to  prevent  undue  stresses  and  even  rupture  of 
the  structure  resulting  from  such  contraction,  for  it  is  obvious 
that  the  contraction  effect  is  cumulative  over  any  monolithic 
section,  unless  cracking  occurs. 

The  coefficient  of  thermal  expansion  and  contraction  being 
known,  the  other  factor  required  in  order  to  calculate  the  total 
contraction  is  the  range  of  temperature  to  which  the  structure 
will  be  subjected.  Observations  made  at  the  Arrowrock  dam1 
indicate  the  following  conclusions: 

(a)  The  internal  temperatures  of  large  masses  of  concrete 
deposited  in  summer  during  the  setting  up  period  and  immedi- 
ately thereafter  is  about  90°  to  95°  F.  That  is,  the  concrete 
sets  up  and  begins  to  harden  at  about  that  temperature. 

(b)  In  the  case  of  concrete  1  ft.  from  the  surface,  there  is  a 
daily  variation  of  about  2°  when  the  temperature  variation 
is  about  50°;  at  2  ft.  from  the  surface  the  daily  variation  was 
about  1°  and  at  3.5  ft.,  it  was  zero  under  the  same  conditions. 

(c)  The  seasonal  variation  is  about  32°  when  the  variation  in 
the  mean  daily  temperature  is  about  75°. 

In  investigations  made  at  Iowa  State  College, 2  the  temperature 
of  setting  was  found  to  reach  96°  to  108°  inside  an  arch  abutment, 
and  the  lowest  winter  temperature  was  found  to  be  15°  F. 

From  these  observations,  it  would  appear  that  the  maximum 
range  of  temperature  may  be  as  high  as  75°  to  90°,  depending 
upon  the  massiveness  of  the  structure  and  the  maximum  range 
of  seasonal  variation. 

Bonding  New  to  Old  Concrete. — Frequently  in  extensions  of 
structures,  it  becomes  necessary  to  bond  new  concrete  to  that 
already  in  place.  Unless  special  care  is  exercised,  this  bonding 
will  not  be  successful,  because  of  the  deteriorated  condition  of 
the  old  surface  and  also  to  the  tendency  of  the  old  concrete  to 
absorb  water  from  the  new.  The  old  surface  should  be  thor- 
oughly cleaned  with  wire  brushes,  roughened  with  a  pick  and  all 

1  Trans.  Am.  Soc.  C.  E.,  vol.  79,  p.  1226. 

2  Iowa  State  College,  Engt  Exy.  jS«a.;  Bull  30. 
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loose  particles  brushed  away.  Live  steam  at  high  pressure  has 
been  found  effective  in  cleaning  a  concrete  surface.  After 
cleaning,  the  surface  should  be  drenched  with  water  until  it  is 
thoroughly  wet.  It  should  then  be  coated  with  a  wash  of  cement 
grout  or  rich  cement  mortar,  and  then  the  fresh  concrete  should 
be  deposited  immediately.  Where  care  is  exercised,  new  concrete 
can  be  bonded  to  old  in  this  maner  so  as  to  have  a  strength  of 
about  two  thirds  of  monolithically  placed  concrete,  otherwise 
it  will  have  a  strength  not  more  than  about  one  fifth  as  great.1 

Finishing  Concrete  Surfaces. — The  cheapest  and  most  gen- 
erally applied  finish  of  concrete  is  obtained  by  "spading,"  that 
is  by  pushing  the  coarse  aggregate  particles  back  from  the  forms 
with  a  straight  hoe  or  other  similar  instrument.  This  procedure 
should  be  followed,  as  a  matter  of  fact,  whether  special  finish  is 
to  be  applied  or  not.  This  process  if  properly  done  will  prevent 
the  appearance  of  the  coarse  aggregate  at  the  surface  of  the 
finished  work.  Of  course,  the  forms  should  be  tight,  otherwise  the 
matrix  will  leak  out  and  leave  rough  spots  where  the  coarse 
aggregate  shows,  commonly  called  " honeycomb"  concrete. 
With  a  spaded  finish  at  best,  the  form  marks  remain  on  the  sur- 
face, and  some  special  treatment  is  necessary  after  the  forms  are 
removed  to  give  the  surface  a  smooth  uniform  appearance. 
Some  of  the  special  finishes  commonly  applied  to  concrete  sur- 
faces after  the  forms  are  removed  are  mentioned  below  without 
describing  the  processes  in  detail. 

Faced  concrete  is  obtained  by  working  a  layer  about  one  inch 
thick  of  specially  prepared  mortar  with  an  aggregate  usually 
less  than  %  in.  in  diameter  against  the  forms  while  the  concrete 
is  being  deposited.  This  is  usually  done  by  means  of  "slip 
plates."  It  is  important  that  the  special  layer  shall  constitute 
an  integral  part  of  the  concrete,  otherwise  it  may  crack  loose. 
When  faced  concrete  is  placed  on  stairs,  floors,  etc.  and  troweled 
smooth,  the  finish  is  sometimes  termed  granolithic. 

Washed  or  Scrubbed  finish  is  accomplished  by  scrubbing  the 
surface  while  still  green  as  soon  as  the  forms  are  removed  with 
stiff  wire  or  fibre  brushes  and  water,  or  in  some  cases  with  dilute 
hydrochloric  acid  (1  part  commercial  hydrochloric  acid  to  2% 
parts  water).  This  process  removes  form  marks  and  gives  a 
pleasing  appearance.  The  cost  is  about  4  to  9  cents  per  square 
foot. 

1  Engineering  News-Record,  July  31,  1919. 
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A  Rubbed  finish  is  obtained  by  rubbing  with  a  carborundum 
block  (No.  8  carborundum  block  giving  good  results),  cement 
bricks,  or  wooden  floats.  This  process  removes  the  prints  of 
the  forms,  joint  marks,  and  because  of  its  relative  cheapness  is 
frequently  employed.  The  cost  usually  amounts  to  4  or  5 
cents  per  square  foot. 

A  Float  finish  is  really  a  modification  of  a  rubbed  finish,  and  is 
effected,  after  all  rough  spots  are  pointed  up,  by  giving  the 
surface  a  brush  coat  of  grout  consisting  of  one  part  cement  to  one 
part  sand,  and  afterward  rubbing  with  a  wood  float.  This  is  an 
inexpensive  and  satisfactory  finish. 

Sand  blast  finish  is  made  by  means  of  a  sand  blast  about  10  to 
15  days  after  the  concrete  is  placed. 

A  Tooled  finish  is  accomplished  by  means  of  various  kinds  of 
stone  cutting  tools,  such  as  points,  tooth  ax,  bush  hammer,  or 
crandall.  (See  Chap.  II.)  Bush  hammered  panels  on  an  abut- 
ment of  the  N.  Y.  C.  &  St.  L.  R.  R.  cost  about  12  cents  per 
square  foot,  which  is  somewhat  higher  than  an  average  cost.1 

Action  of  Sea  Water  and  Alkali  on  Concrete. — The  disintegra- 
tion of  concrete  surfaces  when  exposed  to  the  action  of  alkali 
salts  of  soils  or  to  the  salts  of  sea  water  has  caused  considerable 
study  to  be  made  of  the  matter.  When  sodium  sulphate,  mag- 
nesium sulphate,  chloride  salts,  and  others  are  taken  into  the 
concrete  in  solution  by  capillarity  from  the  soil  and  deposited  near 
the  free  surface  due  to  the  evaporation  of  the  water  of  solution 
from  the  surface,  the  salts  crystallize  and  in  doing  so  expand  and 
flake  off  the  surface  of  the  concrete.  To  minimize  this  effect,  the 
concrete  should  be  as  dense  and  non-porous  as  possible.  In 
Colorado  and  other  western  states,  this  action  is  very  marked, 
the  author  having  observed  the  surface  disintegrated  to  a  height 
of  five  feet  from  the  ground. 

The  preservation  of  concrete  exposed  to  sea  water  likewise 
depends  upon  securing  a  dense  concrete  and  maintaining  an 
unbroken  surface  of  the  structure  by  using  sufficient  reinforce- 
ment to  prevent  cracks  where  necessary,  for  the  action  is  essen- 
tially the  same  as  that  described  above  for  alkali.  It  appears 
from  investigations  by  the  Bureau  of  Standards2  that  the  chemical 
composition  of  the  cement  has  very  little  if  any  influence  on  the 
action  of  sea  water  or  of  alkali.    The  failure  of  the  Santa  Monica 

1  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  18,  p.  840. 

2  U.  S.  Bureau  of  Standards,  Bull.  12,  p.  101. 
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pier  at  Los  Angeles  was  apparently  due  to  the  corrosion  of  the 
reinforcing  steel  resulting  from  the  use  of  a  pervious  concrete. 
An  impervious  concrete  is  the  only  safeguard  against  disintegration 
from  sea  water.  Structures  built  of  impermeable  concrete  with- 
stand the  action  of  alkali  and  of  sea  water  satisfactorily. 

Water -proofing  Concrete.— The  U.  S.  Bureau  of  Standards 
conducted  an  extensive  series  of  investigations  into  the  various 
methods  of  water-proofing  concrete  and  the  following  paragraph 
is  largely  abstracted  from  Bulletin  No.  3. 

Portland  cement  mortar  and  concrete  can  be  made  practically 
water  tight  or  impermeable  to  hydrostatic  heads  up  to  40  ft. 
without  the  use  of  any  so  called  ''integral"  water-proofing  mate- 
rials; but  in  order  to  obtain  such  impermeable  mortar  or  concrete 
good  aggregates  and  care  in  fabricating  the  concrete  must  be 
used.  The  consistency  of  the  mixture  should  be  wet  enough  so 
that  the  concrete  can  be  puddled  and  pockets  should  be  avoided. 
The  addition  of  any  of  the  so  called  "integral"  water-proofing 
compounds  will  not  compensate  for  lean  mixtures,  for  poor 
materials,  nor  for  poor  workmanship.  The  same  expenditure 
necessary  for  these  water-proofing  compounds  will  produce  more 
impermeable  concrete  if  expended  for  better  materials  and  for  a 
richer  mix. 

The  water-proofing  compounds  are  of  two  general  classes,  (a) 
a  dust  like  filler,  frequently  similar  to  portland  cement  but  rich 
in  aluminates,  to  be  mixed  with  the  cement,  and  (b)  certain 
resinous  or  gelatinous  materials  which  are  assumed  to  be  water 
repellant,  such  as  soaps,  oils,  etc.  As  stated  above,  the  use  of 
any  such  fillers  is  of  doubtful  value  or  economy. 

The  only  satisfactory  mode  of  water-proofing  or  damp-proofing 
concrete  is  by  covering  the  concrete  with  a  bituminous  coating  of 
some  sort,  such  as  asphalt  mastic  or  tar.  This  is  usually  applied 
in  the  form  of  a  membrane  consisting  of  tarred  or  asphalted  felt, 
alternate  layers  of  asphalt  and  burlap  or  canvas. 

In  applying  a  bituminous  membrane,  the  surface  should  be 
carefully  cleaned  and  all  pockets  filled  with  cement  mortar.  A 
primer  coat  is  applied  and  allowed  to  dry  and  then  a  coat  of  hot 
asphalt  is  mopped  on  the  surface  about  ^  in.  thick.  While  the 
asphalt  is  still  hot,  the  burlap  is  laid  transverse  to  the  slope, 
when  the  concrete  surface  is  on  a  slope,  allowing  each  strip  to 
overlap  the  previous  one  about  two  thirds  the  width.  The 
burlap  should  be  pressed  into  the  asphalt  and  mopped  with  hot 
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asphalt.  Joints  of  the  burlap  should  be  lapped  six  inches. 
This  is  then  mopped  with  hot  asphalt  forming  a  layer  about  % 
in.  thick,  and  the  membrane  is  then  covered  with  a  mortar- 
protecting  coat,  consisting  of  about  an  inch  of  cement  mortar 
reinforced  with  expanded  metal.  This  is  essentially  the  method 
used  by  the  C.  M.  &  St.  P.  R.  R.  with  satisfactory  results,  al- 
though somewhat  expensive. 

Fire-proofing  with  Concrete. — Concrete  covering  has  been 
extensively  used  for  fire-proofing.  The  chief  difficulty  encoun- 
tered in  this  use  is  that  of  preventing  spalling  of  the  concrete. 
For  light  fires,  almost  any  concrete  is  fire-proof,  but  for  serious 
conflagrations,  most  concrete  spalls  badly.  This  is  particularly 
true  of  concrete  made  of  siliceous  gravels  and  sand.  For  this 
reason,  concrete  made  of  limestone,  trap  rock  and  blast  furnace 
slag  is  better  than  quartz  gravel  and  sand  for  fire-proofing.  The 
recommendations  of  the  American  Concrete  Institute  committee 
on  fire-proofing  are  as  follows:1 

"1.  That  in  concrete  columns  where  four-hour  protection  is  required, 
protective  material  not  less  than  2  in.  in  thickness  shall  be  provided 
over  the  steel.  In  columns  in  which  a  high  percentage  of  steel  is  used, 
increasing  the  importance  of  affording  ample  protection,  the  thickness 
of  the  protective  material  shall  be  2y2  inches  for  four  hour  protection, 
and  special  care  shall  be  given  to  the  accurate  placing  of  the  steel  in  the 
forms  to  avoid  inadequate  protection  on  any  side. 

2.  That  for  fire  resistive  construction,  limestone,  trap  rock,  blast 
furnace  slag,  well  burned  clay  and  gravels  composed  largely  of  limestone 
pebbles  be  given  preference  over  highly  silicious  gravels. 

3.  That  where  highly  silicious  gravel  aggregate  is  to  be  used,  in  columns 
without  hooping  and  with  no  special  safeguards,  round  columns  be  given 
preference  over  rectangular  ones. 

4.  That  where  highly  silicious  gravel  aggregate  is  to  be  used,  all 
columns,  but  especially  rectangular  columns  and  round  columns  with 
spiral  reinforcement,  be  safeguarded  by  one  of  the  following  expedients: 

(a)  Placing  expanded  metal  or  other  high  weight  large  mesh  rein- 
forcement in  the  outer  concrete  to  prevent  the  loss  of  protective  concrete 
by  spalling. 

(6)  Giving  columns  additional  protection  of  approximately  1  inch  of 
cement  plaster,  either  on  metal  lath  or  reinforced  with  light  expanded 
metal  or  other  suitable  material." 

Pre -cast  Ornamental  Concrete  Units. — Pre-cast  concrete  units 
for  ornamental  and  architectural  designs  are  being  used  exten- 
1  Proc.  Amer.  Concrete  Inst.,  1920. 
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sively  at  present  and  promise  to  be  even  more  widely  used  in 
the  future.  Pre-cast  units  are  used  for  ballustrades,  pylons, 
basins,  columns,  pilasters,  posts,  etc.  The  proportions  used  are 
about  1:1: 2^,  or  perhaps  a  1 : 3  mixture  of  cement  and  aggregate, 
the  latter  being  graded  to  secure  the  greatest  density.  The 
forms  may  be  made  of  plaster,  glue,  wood  or  iron  according  to 
the  adaptability  of  these  materials  to  the  character  of  the  work. 
Forms  must  be  cleaned  after  each  use  and  kept  in  first  class 
condition.  The  sand  should  be  a  good  grade  of  torpedo  sand 
passing  a  }i-in.  screen  with  perhaps  not  more  than  15  per  cent 
passing  a  50  mesh  screen.  The  coarse  aggregate  should  pass  a 
3^-in.  screen  and  have  the  usual  requisites  of  durability,  etc. 
All  molded  or  pre-cast  concrete  units  must  be  cured  by  keeping 
under  shelter  and  sprinkling,  or  covering  with  moist  canvas,  in 
order  to  prevent  checking  due  to  too  rapid  drying. 
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REINFORCED  CONCRETE 

Introduction. — The  development  of  a  masonry  material  in 
reinforced  concrete  capable  of  withstanding  tensile  stresses  has 
had  a  marked  influence  on  the  design  and  adaptability  of  masonry 
structures  because  it  has  permitted  the  construction  of  thin 
walls,  slender  columns  and  thin  slabs  combining  the  durability 
of  stone  and  the  strength  of  steel.  The  development  of  rein- 
forced concrete  has  been  chiefly  in  the  present  century,  although 
it  was  begun  during  the  last  quarter  of  the  last  century.  In  this 
brief  chapter,  no  more  can  be  attempted  than  a  summary  of 
principles  and  formulas  governing  the  design  of  structures, 
leaving  the  reader  to  find  a  more  extended  discussion  in  special 
treatises  on  the  subject. 

The  theory  of  reinforced  concrete  is  fairly  well  established  in 
most  respects,  hence  a  description  of  tests  or  other  argumentation 
need  not  be  offered  in  this  connection,  and  many  principles  will 
be  stated  rather  dogmatically  even  though  moot  questions  may 
be  touched  upon. 

Nature  of  Reinforced  Concrete. — Concrete  is  weak  in  tension, 
hence,  in  order  to  use  it  where  flexural  stress  will  be  encountered, 
steel  can  be  introduced  to  advantage  to  withstand  the  tensile 
stress,  since  the  bond  between  concrete  and  steel  is  sufficient  to 
transmit  the  resulting  shear  stresses.  Steel  is  sometimes  intro- 
duced to  withstand  compressive  stresses  also,  but  not  so  fre- 
quently, for  ordinarily  compressive  strength  can  be  obtained  more 
economically  in  the  concrete  itself.  Only  where  the  member  is 
to  be  kept  at  a  small  cross  section  can  reinforcing  steel  be  used 
advantageously  in  compression.  The  essential  feature  of  rein- 
forced concrete  is,  therefore,  the  ability  of  the  steel  and  concrete 
to  act  in  conjunction  with  each  other  so  that  each  material  will 
withstand  the  kind  of  stress  to  which  it  is  best  adapted.  Where 
compression  bars  are  imbedded  in  concrete,  they  receive  lateral 
support  from  the  concrete  and,  hence,  contribute  their  full 
compressive  strength  whereas,  if  they  were  unsupported  laterally, 
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they  would  have  but  little  compressive  strength  owing  to  their 
flexibility. 

The  common  theory  of  reinforced  concrete  assumes  elastic 
action  of  the  materials  and  perfect  bond  between  concrete  and 
steel,  although  it  is  well  known  that  the  modulus  of  elasticity 
of  concrete  is  not  constant  and  that  the  bond  is  not  always 
perfect.  With  these  two  assumptions,  the  theory  is  rational 
for  the  most  part.  The  principal  structural  elements  are  (1) 
rectangular  beams,  (2)  T-beams,  (3)  beams  reinforced  for  tension 
and  compression,  (4)  columns,  (5)  flat  slabs,  and  (6)  arches,  the 
last  being  treated  in  a  special  chapter. 

Notation. — The  nomenclature  of  reinforced  concrete  formulas 
has  become  practically  standard  and  universal.  The  notation 
adopted  by  the  Joint  Committee1  was  as  follows: 

1. — Rectangular  Beams. 

The  following  notation  in  recommended: 

/„  =  tensile  unit  stress  in  steel, 

/„  =  compressive  unit  stress  in  concrete, 
Es  =  modulus  of  elasticity  of  steel, 
Ec  =  modulus  of  elasticity  of  concrete, 


M  =  moment  of  resistance,  or  bending  moment  in  general, 

A  =  steel  area, 
b  =  breadth  of  beam, 
d  =  depth  of  beam  to  center  of  steel, 
k  =  ratio  of  depth  of  neutral  axis  to  effective  depth  d, 
z  =  depth  of  resultant  compression  below  top, 
j  =  ratio  of  lever  arm  of  resisting  couple  to  depth  d, 

jd  =  d  —  2  =  arm  of  resisting  couple, 
p  =  steel  ratio  (not  percentage). 

2—  T-Beams. 

b  =  width  of  flange, 
b'  =  width  of  stem, 
t  =  thickness  of  flange. 
1  Trans.  Am.  Soc.  C.  E.,  vol.  81  p.  1148,  ft*. 

Note  :  A  Joint  Committee  comprised  of  members  of  the  American  Society 
of  Civil  Engineers,  the  American  Railway  Engineering  Association,  the 
American  Society  for  Testing  Materials,  the  Portland  Cement  Association, 
and  the  American  Concrete  Institute,  was  formed  to  report  on  approved 
practice  in  concrete  and  reinforced  concrete,  which  is  herein  referred  to  as 
the  Joint  Committee. 
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3.  — Beams  Reinforced  for  Compression. 

A'  —  area  of  compressive  steel, 

p'  =  steel  ratio  for  compressive  steel, 

/'„  =  compressive  unit  stress  in  steel, 

C  =  total  compressive  stress  in  concrete, 

C  =  total  compressive  stress  in  steel, 

oV  —  depth  to  center  of  compressive  steel, 

z  =  depth  to  resultant  of  C  and  C. 

4.  — Shear  and  Bond. 

V  =  total  shear, 

V  =  total  shear  producing  stress  in  reinforcement, 
v  =  shearing  unit  stress, 

u  =  bond  stress  per  unit  area  of  bar, 
o  =  circumference  or  perimeter  of  bar, 
20  =  sum  of  the  perimeters  of  all  bars. 

5.  — Columns. 

A  =  total  net  area, 
As  =  area  of  longitudinal  steel, 
Ae  =  area  of  concrete, 

P  =  total  safe  load. 

Rectangular  Beams. — Tension,  Compression  and  Shear. — A 
rectangular  reinforced  concrete  beam  is  subject  to  six  different 
kinds  of  stress  while  carrying  a  load  which  produces  bending 
moment : 

(A)  Tension  in  the  steel  at  the  bottom,  T; 

(B)  Compression  in  the  concrete  at  the  top,  C; 

(C)  Shear  at  the  ends  due  to  the  preaction,  R; 

(D)  Longitudinal  shear  along  planes  parallel  to  neutral  surface; 

(E)  Diagonal  tension  along  any  plane  AB  resulting  from  a  combination 
of  direct  tension  and  shear; 

(F)  Bond  stress  on  the  surface  of  the  steel  resulting  from  the  transmission 
of  the  increment  of  moment  (shear)  from  the  concrete  to  the  tensile  steel. 

It  is  important  that  the  student  get  these  actions  clearly  in 
mind  at  the  outset,  for  in  order  that  a  beam  be  properly  designed, 
it  must  be  sufficiently  strong  in  each  of  these  six  respects  to  with- 
stand the  stresses  encountered.  Although,  as  a  matter  of 
fact,  direct  shear  at  the  end  or  longitudinal  shear  is  seldom  a 
critical  consideration  (except  in  short  beams),  each  of  these 
aspects  must  be  investigated  and  provided  for  in  the  design  of  a 
beam. 
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It  is  obvious,  since  the  resisting  moment,  the  moment  of  the 
resisting  couple  C-T,  Fig.  26,  must  equal  the  bending  moment  in 
order  to  have  equilibrium,  that, 


Fig.  26. — Stress  distribution  in  a  reinforced  concrete  beam  according  to  the 
"straight  line"  theory. 


M  =  fsAsjd,  or  M  =  ±  kjbd%, 


(1) 


In  order  to  render  these  equations  usable,  it  is  necessary  to 
determine  values  of  k  and  j.  Assuming  a  straight  line  variation 
of  stress  from  the  neutral  surface  within  working  stresses, 

fs  =  d  -  kd  _  1  -  k}  . 
nfc         kd  k 
i  i 

(3) 


f8As  =  ^  fcbkd,  or  fspbd  =  ^  fcbkd. 


Solving  for  k  from  (2)  and  (3). 

k  =  -\/2pn  —  (pn)2  —  pn. 


(4) 


This  formula  gives  k  as  a  function  of  p  and  n  and  is  independent 
of  the  size  of  the  beam.    Figure  27  gives  values  of  A;  in  terms  of  p 

k 


for  n  equal  to  10,  12,  15  and  18.    Obviously  j  =  1 


3' 


Ordi- 


narily k  may  be  taken  as  3/8  and  j  as  7/8  with  sufficiently  accu- 
rate results. 

The  Joint  Committee  recommends  the  following  values  of  n: 

(a)  n  =  40,  when  the  strength  of  concrete  is  taken  as  not  more  than 

800  lb.  per  square  inch. 

(b)  n  =  15,  when  the  strength  of  concrete  is  taken  between  800  and 

2,200  lb.  per  square  inch. 
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(c)  n  =  12,  when  the  strength  of  concrete  is  taken  between  2,200  and 

2,900  lb.  per  square  inch. 

(d)  n  =  10,  when  the  strength  of  concrete  is  taken  greater  than  2,900 

lb.  per  square  inch. 

From  Eq.  (1)  the  stresses  in  the  concrete  and  steel  can  be 
readily  computed  as  for  (A)  and  (B)  above.    For  example,  if  a 


1.00 


0.60, 
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.0 


1.5 


2.0 


Perceni  Reinforcing  Steel 

Fig.  27. — Diagram  for  values  of  k  and  j. 


beam  14  in.  wide  and  16  in.  effective  depth  to  the  steel  with  four 
%-in.  steel  rods  sustains  a  bending  moment  of  480,000  lb. -in., 

the  stress  in  the  steel  will  be  480,000  -f-  ^4  X  0.56  X  ?  X  16^ 
=  15,300  lb.  per  square  inch;  and  the  stress  in  the  concrete  will 
be  480,000     Q  X  14  X  162  X  jj  X  0  =  816  lb.  per  square 

inch.    ^Assuming  k  =  0 

Eliminating  k  between  equations  (2)  and  (3)  and  solving  for  p, 
V 


0.5 


So  \nfe  / 


(5) 


a  formula  which  gives  the  proper  percentage  of  steel  to  use  for 
various  working  stresses  in  the  concrete  and  steel. 
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The  direct  shear  stress  is  V/bjd,  the  value  of  which  is  usually 
small  in  practice. 

When  the  stresses  involved  are  increased  up  to  the  point  of 
rupture,  the  linear  variation  of  stress  does  not  apply  and  formula 
(4)  is  in  error  for  these  conditions.  Assuming  the  stress  to  vary 
as  the  abscissas  of  a  parabola  with  the  origin  at  the  top  fibre,  a 
similar  analysis  gives  a  corresponding  formula, 

  3  3 

k  =  \Z3pn  +  (%  pn)2  -  ^  pn  and  j  =  1  -  g  k.  (4a) 

Diagonal  Tension. — After  providing  for  the  direct  tension, 
compression  and  shear,  the  next  step  is  to  investigate  the  diagonal 
tension  in  the  concrete  resulting  from  the  combination  of  shear 
and  tension. 

In  a  homogeneous  beam,  it  is  shown  in  works  on  mechanics  of 
materials  that  the  maximum  stress  at  any  point  results  from  a 
combination  of  the  direct  tensile  or  compressive  stress  and 
the  shear,  and  the  direction  of  this  resultant  stress  is  at  an  angle 
with  the  direct  stress,  Fig.  28  (a).  Specifically,  if  St  is  the  direct 
tensile  stress  in  the  lower  fibre  at  any  point  and  Sa  is  the  shear 
at  that  point,  then  the  maximum  tensile  stress  at  that  point,  Sm, 

is   

Sm  =  HSt  +  V&iSt)*  +  Ss2 

and  Sm  acts  at  an  angle  0  with  the  direction  of  the  tensile  stress 
given  by  the  formula,  tan  26  =  2S3/St,  which  is  always  45°  at  the 
neutral  surface. 

This  stress,  Sm,  acting  on  a  plane  AB,  Fig.  28(b),  tends  to 
cause  the  concrete  to  rupture  along  this  plane,  and  such  rupture 
can  be  prevented  (a)  by  bending  up  the  ends  of  some  of  the 
tensile  reinforcing  bars  at  an  angle  of  30°  to  45°,  which  may  not 
be  required  toward  the  end  of  the  beam,  as  shown,  or  (b),  by 
placing  vertical  bars,  called  stirrups,  across  the  plane  of  weakness 
as  shown,  or  by  both  methods. 

These  stresses  are  frequently  called  "web  stresses,"  and  this 
arrangement  of  stirrups  is  termed  "  web  reinforcement."  A  beam 
without  web  reinforcement  will  fail  whenever  the  web  stress 
exceeds  the  tensile  strength  of  the  concrete. 

The  behavior  of  web  stresses  in  reinforced  beams  is  so  complex 
that  a  rigorous  analysis  is  impracticable,  hence,  a  more  or  less 
empirical  statement  of  principles  established  by  partial  analysis, 
justified  by  experiment  and  commonly  accepted  will  suffice. 

8 
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It  is  assumed  that  the  diagonal  tensile  stress  along  a  plane  AB 
is  equal  in  intensity  to  the  average  vertical  shearing  stress  in  the 
uncracked  concrete;  also,  it  is  assumed  that  the  concrete  is  strong 
enough  to  sustain  one-third  of  this  stress  leaving  only  two-thirds 
to  be  carried  by  the  web  reinforcement.  The  unit  diagonal 
tension  stress  is  then 


.Direction  lines  of  maximum  diagonal  tension^ 
•       ;       Neutral  Surface-  \ 


"Planes  of  weakness  or  of  probable  cracks 

(a) 


Direct 
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■6heorr 


Diagonal 
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Direct  Tensron 


■  Stirrups 


X("  N^J 
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\  Plane  ofDia  jonal  Tension 


Fig.  28. — Diagonal  tensile  stress  and  reinforcement  for  same. 


v  =  V/bjd  (1) 

and  the  total  tension  in  one  stirrup  is 

T  =  V'/jd  if  the  stirrups  are  vertical,  and  (2) 
T  =  %V'/jd,  if  the  bars  are  bent  up  at  an  angle 

near  45°  or  if  the  stirrups  are  inclined  at  about  45°,  since  the 
spacing  along  the  plane  of  rupture  would  be  s.cos  45°. 

Where  the  tension  bars  are  bent  up  to  withstand  the  web 
stresses  wholly  or  in  part,  care  should  be  exercised  that  the  bars 
remaining  be  sufficient  to  sustain  the  moment  stress.  The  follow- 
ing excerpt  from  the  report  of  the  Joint  Committee  represents 
approved  practice  in  the  design  of  web  reinforcement. 

"Sufficient  bond  resistance  between  the  concrete  and  stirrups  or 
diagonals  should  be  provided  in  the  compression  area  of  the  beam. 
The  longitudinal  spacing  of  vertical  stirrups  should  not  exceed  one  half 
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the  depth  of  the  beam,  and  that  for  inclined  members  should  not  exceed 
three  fourths  the  depth  of  beam. 

"Bending  of  longitudinal  reinforcing  bars  at  an  angle  across  the  web 
of  the  beam  may  be  considered  as  adding  to  diagonal  tension  resistance 
for  a  horizontal  distance  from  the  point  of  bending  equal  to  three-fourths 
the  depth  of  beam.  Where  the  bending  is  made  at  two  or  more  points, 
the  distance  between  the  points  of  bending  should  not  exceed  three- 
fourths  the  depth  of  the  beam.  In  the  case  of  a  restrained  beam,  the 
effect  of  bending  up  a  bar  at  the  bottom  of  the  beam  in  resisting  diagonal 
tension  may  not  be  taken  as  extending  beyond  a  section  at  the  point  of 
inflection,  and  the  effect  of  bending  down  a  bar  in  the  region  of  negative 
moment  may  be  taken  as  extending  from  the  point  of  bending  down  of 
the  bar  nearest  the  support  to  a  section  not  more  than  three  fourths  the 
depth  of  the  beam  beyond  the  point  of  bending  down  of  bar  farthest 
from  the  support,  but  not  beyond  the  point  of  inflection.  In  case 
stirrups  are  used  in  the  beam  away  from  the  region  in  which  the  bent 
bars  are  considered  effective,  a  stirrup  should  be  placed  not  farther 
than  a  distance  equal  to  one-fourth  the  depth  of  the  beam  from  the 
limiting  sections  defined  above.  In  case  the  web  resistance  required 
through  the  region  of  bent  bars  is  greater  than  that  furnished  by  the 
bent  bars,  sufficient  additional  web  reinforcement  in  the  form  of  stirrups 
or  attached  diagonals  should  be  provided.  The  higher  resistance  to 
diagonal  tension  stresses  given  by  unit  frames  having  the  stirrups  and 
the  bent-up  bars  securely  connected  together  both  longitudinally  and 
laterally  is  worthy  of  recognition.  It  is  necessary  that  a  limit  be  placed 
on  the  amount  of  shear  that  may  be  allowed  in  a  beam;  for  when  web 
reinforcement  sufficiently  efficient  to  give  very  high  web  resistance  is 
used,  at  the  higher  stresses  the  concrete  in  the  beam  becomes  checked 
and  cracked  in  such  a  way  as  to  endanger  its  durability  as  well  as  its 
strength. 

"The  section  to  be  taken  as  the  critical  section  in  the  calculation  of 
shearing  stresses  will  generally  be  the  one  having  the  maximum  vertical 
shear,  though  experiments  show  that  the  section  at  which  diagonal 
tension  failures  occur  is  not  just  at  the  support,  even  though  the  shear 
at  the  latter  point  be  much  greater. 

"In  the  case  of  restrained  beams,  the  first  stirrup  or  the  point  of  bend- 
ing down  of  bar  should  be  placed  not  farther  than  one  half  the  depth  of 
beam  away  from  the  face  of  the  support." 

Bond  Stress. — The  bond  stress  on  the  longitudinal  bars  results 
from  the  transferring  of  the  increment  of  moment  from  the 
concrete  to  the  steel.  The  derivative  of  the  moment  with  respect 
to  the  distance  along  the  beam  being  equal  to  the  vertical  shear, 
as  proved  in  treatises  on  mechanics, 
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wVo-jd  =  V,  or  u  =  V/Zo-jd  (1) 

In  short  beams,  bond  stress  may  be  the  determining  or  critical 
factor  in  the  strength  of  the  beam,  and  may  be  the  determining 
factor  in  proportioning  the  longitudinal  steel. 

Where  high  bond  stress  is  required,  deformed  bars  may  be 
used  advantageously.  Where  it  is  impracticable  to  secure 
sufficient  bond  area,  end  anchorage  may  be  accomplished  by 
bending  the  ends  of  the  bar,  preferably  through  180°  as  a  90° 
bend  is  not  so  effective. 

The  lateral  spacing  of  bars  should  not  be  less  than  three 
diameters  from  center  to  center,  nor  should  the  distance  from 
the  side  of  the  beam  to  the  center  of  the  nearest  bar  be  less  than 
two  diameters.  The  clear  spacing  between  two  layers  of  bars 
should  not  be  less  than  1  in.  These  provisions  are  necessary  in 
order  that  the  bond  on  the  under  side  of  the  bar  may  be  effective 
in  transmitting  moment. 

T-Beams. — In  certain  circumstances,  beams  designed  in  the 
shape  of  a  T  are  economical  where  bond  and  diagonal  tension 
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Fig.  29. — Stress  distribution  in  a  T-beam. 


stresses  do  not  run  high.  Particularly  in  the  design  of  floors,  the 
supporting  beams  are  frequently  built  integrally  with  the  floor 
slab  and  the  compressive  strength  of  the  latter  is  available  in 
determining  the  strength  of  the  beam.  The  width,  b,  Fig.  29,  of 
the  floor  slab  that  may  be  considered  to  act  as  the  flange  of  the 
beam  should  not  be  considered  more  than  one-fourth  the  span, 
nor  should  the  overhanging  width  on  either  side  exceed  three 
times  the  thickness  of  the  slab. 

If  the  neutral  surface  falls  within  the  flange,  the  formulas  for 
rectangular  beams  apply  in  general.  If  the  neutral  surface 
falls  below  the  flange  in  the  stem,  special  formulas  must  be 
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devised.  Where  the  compression  in  the  stem  or  web  is  neglected, 
the  following  derivation  applies: 

f±  _l  —  k. 

nfe  k 

f3-A  =  fc(l  -  2^)&«,  whence  (2) 

Jed  =  ^n^g      ^    rnves  the  position  of  the  neutral  surface. 
2nAs  +  2bt  ^\ 

3kd  -  2t  t_  ... 
Z~  2kd-t'3'  1  ; 

jd    =  d  —  z,  gives  the  arm  of  the  resisting  couple.  (5) 

/,  =  M/As.jd  (6) 

_       M-kd       =  fs_      k  () 

The  following  formulas  take  into  account  the  compression  in 
the  stem  and  are  recommended  where  the  flange  is  small  com- 
pared with  the  stem.  The  derivation  is  long  and  is  not  given 
here. 

Position  of  neutral  axis, 


\  2ndA  +  (6  -  b')t2  .  (nA  +  (b  -  b')t\2 

M  =  \  v  +  V  v  ) 

_  nA  +  (b  -  b')t 
b' 

Position  of  resultant  compression, 

(kdt*  -  |«8)&  +  [(kd- ty(t  +  ±(kd  -  *))]&' 


(8) 


z  = 


t(2kd  -  t)b  +  (kd-  t)*b' 
Arm  of  resisting  couple,  jd  =  d  —  z 


(9) 


.      M  ■ 

Fiber  stresses,  f8  =  jj^  (10) 

 2Mkd  

fc  ~  [(2kd  -  t)bt  +  (kd  -  t)*b']jd  {  } 
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Beams  Reinforced  for  Compression. — Assuming  the  straight 
line  variation  of  stress  as  before,  Fig.  30, 
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Fig.  30. — Stress  distribution  in  a  beam  reinforced  for  tension  and  compression. 


from  which 


and  solving  for  k 


f./rtfe  =  (1  -  k)/k 
kbdfc/2  +  bdp'f's  =  bdpfe> 


2n(l  -  k) 


+  V 


d' 

,k  —  d 


k  =  ^2n[j>  +  v'j)  +  n2(P  +  v'Y  ~  <V  +  V') 
Position  of  resultant  compression, 

^ksd  +  2y'nd'(k  -  ~) 


Arm  of  resisting  couple, 
Fiber  stresses, 


k2  +  2p'n(k  -  j) 

jd  =  d  —  z 
QM 


(1) 
(2) 


(3) 

(4) 

(5) 


M  ,1-k 


pjbd' 


k 


d' 
d 


(6) 
(7) 
(8) 


k 


Diagonal  tension  and  bond  stresses  must  be  provided  for  in 
beams  reinforced  for  compression  in  the  same  manner  as  in 
ordinary  rectangular  beams. 
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Beams  Subject  to  Both  Flexure  and  Axial  Compression. — 

Frequently,  reinforced  concrete  beams  are  subjected  not  only  to 
flexure  but  to  an  axial  thrust  as  well.  In  order  to  analyze  the 
stresses  arising  in  this  case,  it  is  convenient  to  reduce  the  section 
to  an  equivalent  homogeneous  section  by  considering  the  steel 
to  be  replaced  by  concrete  lying  at  the  same  distance  from  the 
neutral  surface  and  having  equal  resistance.  Such  a  section 
is  called  a  transformed  section.    See  Fig.  31. 
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Fig.  31. — Transformed  section  of  a  reinforced  concrete  beam. 


The  total  area  of  the  transformed  section  is 
A  =  bh  +  n(A  +  A') 
and  the  moment  of  inertia  of  the  section  is 
It  =  Ic  +  nl, 

where  Ic  and  Is  are  the  moments  of  inertia  of  the  concrete  and 
the  steel  areas  respectively. 

When  the  stress  consists  of  compression  only  over  the  entire 
areas  of  the  section,  letting  N  be  the  total  axial  thrust, 

U  =  N/At  +  Mc/It 

f8  =  nN/At  +  nM(c  +  d')/It 

fs  =  nN/A,  -  nM(d  -  c)/It 

These  formulas  with  the  sign  changed  to  negative  would  apply, 
of  course,  where  there  was  a  small  amount  of  tension  on  one  side 
so  long  as  the  tension  did  not  exceed  the  tensile  strength  of  the 
concrete.  Where  the  tension  is  greater,  formulas  may  be  readily 
found  for  the  solution  in  any  treatise  on  reinforced  concrete. 

Continuous  Reinforced  Concrete  Beams  and  Slabs. — It  is  not 
customary  to  allow  the  full  effect  of  the  principle  of  continuity 
in  designing  continuous  reinforced  concrete  beams  and  slabs 
reinforced  principally  in  one  direction  owing  chiefly  to  the  lia- 
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bility  of  supports  to  settle  and  to  the  difficulty  in  securing  con- 
ditions of  continuity  in  fact.  It  is  the  custom  to  ascribe  to  the 
moment  expression  arbitrary  coefficients  which  are  partly  the 
result  of  analysis  and  partly  experimental.  The  following 
paragraph  from  the  Report  of  the  Joint  Committee  shows 
prevailing  practice  in  this  respect: 

"When  the  beam  or  slab  is  continuous  over  its  supports,  reinforce- 
ment should  be  fully  provided  at  points  of  negative  moment,  and  the 
stresses  in  concrete  recommended  should  not  be  exceeded.  In  comput- 
ing the  positive  and  negative  moments  in  beams  and  slabs  continuous 
over  several  supports,  due  to  uniformly  distributed  loads,  the  following 
rules  are  recommended: 

(a)  That  for  floor  slabs,  the  bending  moments  at  center  and  at  support 

be  taken  at  y4  for  both  dead  and  live  loads,  where  w  represents  the 

load  per  linear  foot  and  I  the  span  length. 

(6)  That  for  beams,  the  bending  moment  at  center  and  at  support  for 

wl^  vol? 
interior  spans  be  taken  at  j^,  and  for  end  spans  it  be  taken  at  -j^ 

for  center  and  adjoining  support,  for  both  dead  and  live  loads. 

(c)  In  the  case  of  beams  and  slabs  continuous  for  two  spans  only,  the 
bending  moment  at  the  central  support  and  near  the  middle  of  the 

wl2 

span  should  be  taken  as  j^-. 

(d)  At  the  ends  of  continuous  beams,  the  amount  of  negative  moment 
which  will  be  developed  will  depend  on  the  condition  of  restraint  or 
fixedness,  and  this  will  depend  on  the  form  of  construction  used. 

In  the  ordinary  cases  a  moment  of       may  be  taken;  for  small 

beams  running  into  heavy  columns,  this  should  be  increased,  but 

not  to  exceed 

For  spans  of  unusual  length,  more  exact  calculations  should  be  made. 
Special  consideration  is  also  required  in  the  case  of  concentrated  loads. 

Even  if  the  center  of  the  span  is  designed  for  a  greater  bending  moment 
than  is  called  for  by  (a)  or  (b),  the  negative  moment  at  the  support 
should  not  be  taken  as  less  than  the  values  there  given. 

Where  beams  are  reinforced  on  the  compression  side,  the  steel  may 
be  assumed  to  carry  its  proportion  of  stress,  in  accordance  with  the 
ratio  of  the  moduli  of  elasticity.  In  the  case  of  cantilever  and  continu- 
ous beams,  tensile  and  compressive  reinforcement  over  supports  must 
extend  sufficiently  beyond  the  support  and  beyond  the  point  of  inflection 
to  develop  the  requisite  bond  strength." 
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Columns. — The  term  column  here  applies  to  compression 
members  having  a  ratio  of  unsupported  length  to  least  width  of 
at  least  four  and  not  more  than  15.  Reinforced  concrete  columns 
may  be  reinforced  in  one  or  more  of  three  ways:  (a)  by  placing 
longitudinal  bars  the  entire  length  of  the  columns  merely  tied 
together,  (b)  by  placing  hoops,  bands,  or  spirals  along  the  length 
of  the  columns  together  with  longitudinal  bars,  or  (c)  by  using 
structural  shapes  sufficiently  rigid  to  have  strength  as  a  column. 

The  general  effect  of  closely  spaced  hooping  is  greatly  to 
increase  the  "toughness"  of  the  column  and  its  ultimate  strength, 
but  hooping  has  little  effect  on  its  behavior  within  the  limit  of 
elasticity.  It  thus  renders  the  concrete  a  safer  and  more  reliable 
material,  and  should  permit  the  use  of  a  somewhat  higher  working 
stress.  The  beneficial  effects  of  " toughening"  are  adequately 
provided  by  a  moderate  amount  of  hooping,  a  larger  amount 
serving  mainly  to  increase  the  ultimate  strength  and  the  possible 
deformation  before  ultimate  failure. 

Composite  columns  of  structural  steel  and  concrete  in  which 
the  steel  forms  a  column  by  itself,  should  be  designed  with  caution. 
To  classify  this  type  as  a  concrete  column  reinforced  with  struc- 
tural steel  is  hardly  permissible,  as  the  steel  will  generally  take 
the  greater  part  of  the  load.  When  this  type  of  column  is  used, 
the  concrete  should  not  be  relied  on  to  tie  the  steel  units  together 
or  to  transmit  stresses  from  one  unit  to  another.  The  units 
should  be  adequately  tied  together  by  tie-plates  or  lattice  bars, 
which,  together  with  other  details,  such  as  splices,  etc.,  should  be 
designed  in  conformity  with  standard  practice  for  structural 
steel.  The  concrete  may  exert  a  beneficial  effect  in  restraining 
the  steel  from  lateral  deflection,  and  also  in  increasing  the  carry- 
ing capacity  of  the  column.  The  proportion  of  load  to  be  carried 
by  the  concrete  will  depend  on  the  form  of  the  column  and  the 
method  of  construction.  Generally,  for  high  percentages  of 
steel,  the  concrete  will  develop  relatively  low  unit  stresses,  and 
caution  should  be  used  in  placing  dependence  on  the  concrete. 

The  following  recommendations  are  made  for  the  relative 
working  stresses  in  the  concrete  for  the  several  types  of  columns: 

"(a)  Columns  with  longitudinal  reinforcement  to  the  extent  of  not 
less  than  1  per  cent  and  not  more  than  4  per  cent,  and  with  lateral  ties 
not  less  than  yi  in.  in  diameter,  12  in.  apart,  nor  more  than  16  diameters 
of  the  bar:  the  allowable  unit  stress  to  be  22.5  per  cent  of  the  compressive 
strength. 
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(b)  Columns  reinforced  with  not  less  than  1  per  cent  nor  more  than  4 
per  cent  of  longitudinal  bars  and  with  circular  hoops  or  spirals  of  not 
less  than  1  per  cent  of  the  volume  of  the  concrete  and  properly  placed: 
a  unit  stress  55  per  cent  greater  than  given  for  (a),  provided  the  ratio  of 
the  unsupported  length  of  column  to  the  diameter  of  the  hooped  core  in 
not  more  than  10."    Report  of  Joint  Committee. 

Assuming  a  distribution  of  stress  proportional  to  the  moduli 
of  elasticity: 

P  =/cA[l  +  (n  -  l)p]  (1) 

/.  =  nfc  .  (2) 

The  shrinkage  of  concrete  due  to  the  setting  of  cement  induces 
a  certain  initial  compression  in  the  steel  of  reinforced  concrete 
columns  which  may  increase  the  stress  in  the  steel  somewhat 
over  that  given  by  the  above  formula.    See  p.  123. 

Where  columns  are  to  support  beams  or  slabs  built  mono- 
lithically,  the  concrete  in  the  column  forms  should  be  allowed  to 
settle  at  least  four  hours  before  the  adjoining  members  are 
poured  in  order  that  there  may  be  no  separation  or  cracking  due 
to  this  settlement. 

Temperature  and  Shrinkage  Stresses. — Inasmuch  as  steel  and 
concrete  have  practically  the  same  coefficient  of  thermal  expan- 
sion, if  reinforced  concrete  members  are  free  to  expand  and  con- 
tract, temperature  changes  will  not  cause  appreciable  stress  in 
either  steel  or  concrete.  However,  in  long  walls  and  in  restrained 
members,  temperature  changes  give  rise  to  large  stresses  and 
unless  steel  is  placed  near  the  exposed  surfaces  to  distribute  the 
contraction,  large  and  unsightly  cracks  will  occur.  By  placing 
the  proper  amount  of  reinforcing  steel  near  the  exposed  surfaces, 
the  shrinkage  may  be  so  distributed  that  the  cracks  will  be  so  fine 
as  to  be  unnoticeable. 

Where  one  side  of  a  wall  is  to  be  subject  to  a  considerably  higher 
temperature  than  the  other,  as  in  the  case  of  a  chimney  or  flue 
duct,  the  reinforcing  steel  should  obviously  be  placed  on  the  cooler 
side  of  the  wall. 

Since,  complete  failure  of  the  structure  is  not  involved,  the 
steel  may  be  calculated  at  elastic  limit  stress.  The  tensile 
strength  of  concrete  in  this  connection  may  be  taken  at  100  lb.  per 
square  inch.  Thus  a  square  foot  of  concrete  would  require 
144  X  100/40,000  =  0.36  sq.  in.  of  steel,  or  0.25  per  cent,  to 
crack  the  concrete  and  thus  distribute  the  contraction.    It  is 
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customary  to  use  about  0.2  to  0.3  per  cent  of  steel  for  temperature 
reinforcement,  which  seems  to  be  ample. 

Since  there  is  no  change  in  the  length  of  the  reinforcing  steel 
to  correspond  with  the  change  in  the  concrete  due  to  setting, 
shrinkage  of  the  concrete  while  hardening  definitely  sets  up 
stresses  in  the  steel  as  may  be  shown  theoretically  and 
experimentally. 

Let  C  =  coefficient  of  contraction  of  concrete, 

fs  =  compressive  stress  in  the  steel  caused  by  the  shrinkage, 
fc  =  tensile  stress  in  the  concrete  caused  by  the  shrinkage, 
then  the  net  contraction  per  unit  of  length  in  terms  of  the 
concrete  stress  is  C  —  fc/Ec,  and  in  terms  of  the  steel  stress  is 
fs/Es.    These  expressions  are  equal,  and  for  equilibrium, 

fc  =  pf8,  whence  /,  =  CES/(1  +  pri),  and  fc  =  CEC  j^^' 

Tests  made  at  the  University  of  Kansas  by  the  author  indicate 
that  where  the  coefficient  of  contraction  of  plain  concrete  is  used 
for'C,  namely  0.0005,  the  actual  stresses  in  the  steel  are  only  about 
half  as  large  as  the  above  formula  would  indicate.  Evidently, 
a  part  of  the  shrinkage  occurs  before  the  concrete  is  sufficiently 
hard  to  grip  the  steel,  and  perhaps  also  there  is  some  adjustment 
of  stress  due  to  flow  of  the  concrete.  The  author  found  stresses 
as  high  as  7,000  lb.  per  square  inch  in  1:2:3  concrete,  6,000  in 
1:2:4,  and  4,600  in  1:3:6  concrete  with  approximately  1.0  per 
cent  reinforcement.  Investigations  at  the  University  of  Illinois1 
showed  even  higher  stresses,  the  stress  in  the  concrete  of  1:2:4 
mix  exceeding  the  ultimate  tensile  strength  when  the  reinforce- 
ment was  greater  than  1.5  per  cent.  The  coefficient  of  shrinkage 
varies  with  the  richness  of  the  mix  from  about  0.0003  for  a  1:10 
to  about  0.0005  for  a  1 : 3  mix. 

The  coefficient  of  actual  shrinkage  of  reinforced  concrete  may 

C 

be  readily  shown  theoretically  to  be  ^+    '  and  experiments  made 

by  the  author  gave  approximately  the  theoretical  values. 

That  there  is  an  increase  in  the  deformation  of  a  concrete  member 
with  longer  duration  of  the  application  of  the  load  has  been 
demonstrated  in  several  tests.2  Figure  32  shows  the  increased 
deformation  of.  three  compression  specimens  subjected  to  loads 
over  a  considerable  period  of  time.    This  gradual  deformation, 

1  Univ.  of  111.  Eng.  Exp.  Sta.,  Bull,  126. 

2  Engineering  Record,  Feb.  26,  1916, 
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or  "flow"  of  concrete  probable  relieves  temperature  and  shrink- 
age stresses  to  a  considerable  extent. 

Reinforced  Concrete  Slabs. — Two  general  types  of  construc- 
tion have  been  employed  in  laying  floors  and  similar  flat  struc- 
tures, (a)  practically  square  panel  slabs  supported  on  beams  or 
girders  on  all  four  sides,  the  reinforcing  usually  being  continuous 
over  the  supports,  the  slabs  usually  being  built  monolithically 
with  the  girders,  and  (b)  so  called  "flat  slabs,"  reinforced  in  two 
or  more  directions,  resting  on  columns  with  expanded  capitals,  a 
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Fig.  32. — Increase  in  deformation  due  to  prolongation  of  time  of  application  of 

load. 


type  of  construction  of  recent  development  and  possessing  many 
advantages. 

Slabs  Supported  on  Girders. — The  type  of  construction  much 
used  consists  of  girders  between  columns  and  beams  between  the 
girders  with  a  slab  built  monolithically  with  the  girders  and 
beams.  Figure  33 1  shows  the  general  arrangement  of  the  rein- 
forcement of  the  Lynn  Storage  Warehouse  built  by  the  Eastern 
Expanded  Metal  Co.,  and  Fig.  34  shows  details  of  the  girders 
and  the  slab,  which  are  fairly  typical  of  this  class  of  construction. 

A  rigorous  analysis  of  the  stresses  in  the  girders  and  slab 
built  in  this  manner  is  practically  impossible,  for  the  reinforcing 
in  the  slab  extends  in  both  directions  and  moreover  the  girders 
and  beams  themselves  do  not  constitute  rigid  supports  but  are 

1  "Reinforced  Concrete  in  Factory  Construction,"  pub.  by  Atlas  Portland 
Cement  Co.,  p.  77. 
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more  or  less  flexible.  In  view  of  the  difficulties  involved,  it  is  cus- 
tomary to  assume  the  beams  and  girders  to  be  rigid  supports  and 


Fig.  33. — General  arrangement  of  slabs  supported  on  beams  and  girders. 


the  load  carried  on  the  pannel  to  vary  with  the  distance  from  the 
center  of  the  panel.    This  variation  is  sometimes  assumed  as 
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parabolic  and  sometimes  as  linear.  In  a  square  panel,  the  pro- 
portion of  the  unit  load,  w,  at  the  middle  carried  by  each  system  of 
reinforcing  bars,  if  the  systems  of  bars  were  equal  in  both  direc- 
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tions,  would  be  w/2.  This  is  assumed  to  vary  from  a  value  w/2 
at  P,  Fig.  35,  for  each  system  of  reinforcing  to  0  for  that  system  at 
the  edge.    That  is,  the  bars,  x,  in  one  direction  would  carry  w/2 
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lb.  per  square  foot  at  P  and  0  lb.  per  square  foot  at  C,  while  bars, 
y,  would  carry  w/2  at  the  center  and  w  lbs.  per  square  foot  at  C. 

Where  panels  are  rectangles  of  unequal  sides,  if  the  length 
of  one  side  is  as  much  as  one  fifth  longer  than  the  other,  the  load 
is  carried  chiefly  by  the  transverse  reinforcement  and  there  is  very 
little  advantage  in  placing  reinforcing  bars  in  the  longer  direction. 
Although  the  stresses  in  a  system  of  girders  and  slabs  of  this  sort 
are  indeterminate,  it  is  probably  safe  to  say,  that  within  limits, 
if  there  is  sufficient  reinforcement  used  to  carry  the  load  on  any 


Fig.  35. — Two-way  reinforcement  in  slabs. 


basis  of  calculation,  the  stresses  will  probably  tend  to  distribute 
themselves  accordingly. 

Flat  Slabs. — The  continuous  flat  slab  reinforced  in  two  or  more 
directions  resting  on  columns  with  expanded  capitals  and 
without  beams  or  girders  is  a  recent  type  of  construction  and  has 
many  advantages.  Figure  36  shows  the  mode  of  reinforcement 
of  the  Winchester  Repeating  Arms  Co.  factory,  built  by  the  Aber- 
thaw  Construction  Co.,  and  Fig.  37  shows  the  appearance  of  the 
completed  floor,  in  a  similar  building,  except  that  it  has  "drop 
panels."  These  are  typical  buildings,  although  the  manner  of 
placing  the  reinforcement  varies  widely. 

The  behavior  of  the  stresses  in  this  type  of  construction,  as  in 
the  slab  and  girder  type,  is  too  complex  to  admit  of  rigorous 
analysis,  although  many  purporting  to  be  rigorous  have  been 


1 28    DESIGN  OF  MASON R  Y  STR  UCT  URES  AND  FO  UN  DA  TIONS 

proposed.  The  report  of  the  Joint  Committee  gives  a  mode  of 
procedure  which  is  well  on  the  side  of  safety  and  is  readily 


■Secf/on. 

Fig.  36. — Reinforcement  in  a  fiat  slab. 


Fig.  37. — Flat  slab  warehouse  floor  with  drop  panels. 


adapted  to  practical  design.  Much  of  the  following  discussion 
is  abstracted  from  that  report. 
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The  Joint  Committee  recommends  that  the  diameter  of  the 
capital  should  be  not  less  than  0.20  times  the  panel  length  center 
to  center  of  columns,  and  suggests  0.225  times  the  panel  length 
as  being  preferable.  In  one  type  of  construction,  called  the 
"dropped  panel"  or  "depressed  panel"  construction,  the  slab  is 
thickened  over  an  area  surrounding  the  column  capital.  For 
this  type,  it  is  recommended  that  the  dropped  panel  be  not  less 
than  0.40  times  the  panel  length  center  to  center  of  columns. 

The  following  formulas  for  minimum  thickness  of  slab  are 
recommended  as  general  rules  of  design  where  the  diameter  of 
the  column  capital  is  not  less  than  one-fifth  the  panel  length. 

Let  t  =  total  thickness  of  slab  in  inches 
I  =  panel  length  in  feet 
r  =  radius  of  capital 

w  =  sum  of  live  and  dead  loads  in  pounds  per  square  foot. 
For  a  slab  without  dropped  panels, 
minimum  t  =  0.024l-\/w  +  1}4 
For  a  slab  with  dropped  panels, 
minimum  t  =  0.02Z\/ w  +  1 

For  a  dropped  panel  whose  width  is  0.40  times  the  panel 
length, 

minimum  t  =  0.0M\/w  +  1% 

In  no  case  should  the  slab  thickness  be  less  than  6  in.,  nor  the 
thickness  of  a  floor  slab  be  less  than  3^2  of  the  panel  length,  nor 
that  of  a  roof  slab  be  less  than  34  o  the  panel  length. 

In  designing  flat  slabs,  the  stresses  at  four  locations  must  be 
provided  for: 

1.  Stress  in  concrete  and  in  steel  over  the  column  capital  due  to  negative 
bending  moment. 

2.  Stress  in  concrete  and  in  steel  in  the  central  part  of  the  slab  due  to 
positive  bending  moment. 

3.  Shear  around  the  edge  of  the  column  capital. 

4.  Diagonal  tension  in  the  capital. 

Bending  and  Resisting  Moments  and  Shears  in  Slab  for  Uni- 
form Loads. — If  a  vertical  section  of  a  slab  be  taken  midway  be- 
tween columns  and  another  parallel  to  that  section  through  the 
center  line  of  the  columns  but  skirting  the  periphery  of  the  capi- 
tals, Fig.  38  (a),  the  moment  of  the  couple  formed  by  the  external 
load  on  the  half  panel,  exclusive  of  that  over  the  capital,  and  the 
resultant  of  the  external  shear  or  reaction  at  the  support  may 
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be  found  by  ordinary  static  analysis.  It  will  be  noted  that  the 
edges  of  the  area  here  considered  are  along  lines  of  zero  shear, 
except  around  the  column  capitals.  This  moment  of  the  external 
forces  acting  on  half  of  the  panel  will  be  resisted  by  the  numerical 
sum  of  (a) ,  the  positive  resisting  moment  of  the  internal  stresses 
along  the  panel  midway  between  columns,  and  (b),  the  negative 
resisting  moment  of  the  internal  stresses  at  the  end  of  the  panel, 
the  components  of  moments  at  the  curved  portion  parallel  to 
the  edges  being  considered.    The  following  analysis  shows  the 
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Fig.  38. — Diagram  of  a  flat  slab  panel. 

amount  of  this  total  moment,  but  the  division  between  positive 
and  negative  is  indeterminate.    See  Fig.  38. 

W2  7rr2\ 

The  load  on  the  half  panel  =   ^Y 

The  distance,  z,  to  the  center  of  gravity  of  the  load  is  found  as 
follows: 


Moment  of  rectangle 
Moment  of  quadrant 
Difference 
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The  moment  arm      =  7„  „  —  —  (2) 


M  =    "  -„-^\r~-^)w  (3) 
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which  does  not  differ  appreciably  from 
wl/7     2  ^2 


=10 (5) 


for  practical  values  of  I  and  c. 

In  oblong  panels  similar  formulas  may  be  devised. 
Let  1 1  =  one  side  of  the  panel 

U  =  the  other  side  of  the  panel 
Mx  =  the  numerical  sum  of  the  positive  and  negative 

moments  in  the  direction  parallel  to  l2 
My  =  the  numerical  sum  of  the  positive  and  negative 
moments  in  the  direction  parallel  to  h 
Then  Mx  =  H  wh(h  -  %c)2 

mv  =  y8wh(h  -  %cy 

As  stated  previously,  the  division  of  this  moment  between 
positive  and  negative  is  indeterminate.  However,  it  is  probably 
true  that  with  the  reinforcing  bars  placed  according  to  any 
reasonable  assumption,  because  of  the  principle  of  least  work  and 
its  corollary  that  a  load  is  divided  between  two  or  more  systems 
in  proportion  to  their  rigidities,  the  stresses  will  be  distributed 
according  to  the  reinforcement. 

The  Joint  Committee  recommends  the  following  distribution 
of  the  moment.  For  a  square  interior  panel,  the  positive  moment 
for  a  section  in  the  middle  of  the  panel  extending  across  its  width 
is  assumed  to  be  y2*>wl(l  -  %c)2.  Of  this  moment,  at  least  25 
per  cent  should  be  provided  for  in  the  middle  half;  in  the  two 
outer  quarters  of  the  panel,  at  least  55  per  cent  of  the  specified 
moment  should  be  provided  for  in  slabs  not  having  dropped 
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panels,  and  at  least  60  per  cent  in  slabs  having  dropped  panels, 
except  that  in  calculations  to  determine  the  necessary  thickness  of 
the  slab  away  from  the  dropped  panel  at  least  70  per  cent  of  the 
moment  shall  be  considered  as  acting  in  the  two  outer  quarters. 

The  negative  moment  for  a  square  panel  along  the  edge  from 
column  capital  to  column  capital  and  including  the  quarter 
peripheries  of  the  capitals  (the  section  altogether  forming  the 
projected  width  of  the  panel)  is  assumed  to  be  jsi^wlQ,  —  %c)2. 
Of  this  negative  moment,  at  least  20  per  cent  should  be  provided 
for  in  the  middle  half  of  the  panel  and  at  least  65  per  cent  in  the 
two  column-head  quarter  panels,  except  that  in  slabs  having 
dropped  panels  at  least  80  per  cent  of  the  specified  negative 
moment  should  be  provided  for  in  the  two  column-head  quarters 
of  the  panel. 

For  oblong  panels  where  the  length  is  not  more  than  five  per 
cent  greater  than  the  width,  the  moments  may  be  calculated  as 
for  square  panels.  Where  the  ratios  of  the  dimensions  are 
between  1.05  and  1.33  inclusive,  the  formulas  given  above  for 
oblong  panels  will  be  used  and  the  distribution  of  moment  made 
as  for  square  panels. 

For  wall  panels,  the  coefficient  of  negative  moment  at  the  first 
row  of  columns  away  from  the  wall  should  be  increased  by  20  per 
cent  over  that  required  for  interior  panels,  and  likewise  the  coeffi- 
cient of  positive  moment  at  the  section  half  way  to  the  wall 
should  be  increased  20  per  cent.  If  girders  are  not  provided 
along  the  wall,  or  the  slab  does  not  project  as  a  cantilever  beyond 
the  column  line,  the  reinforcement  parallel  to  the  wall  for  the 
negative  moment  in  the  column-head  quarter  panel  and  for  the 
positive  moment  in  the  outer  quarter  panel  should  be  increased 
by  20  per  cent. 

To  provide  for  diagonal  tension,  it  is  recommended  that  the 
total  vertical  shear  on  the  two  column-head  quarter  sections, 
constituting  a  width  equal  to  one-half  the  lateral  dimension  of 
the  panel,  for  use  in  the  formula  for  determining  critical  shearing 
stresses,  be  considered  to  be  one-fourth  of  the  total  dead  and  live 
load  on  the  panel  for  a  slab  of  uniform  thickness,  and  three-tenths 
of  the  total  dead  and  live  load  for  a  slab  with  dropped  panels. 

0.25TT 

The  formulas  for  shear  would  then  be,  v  =    ^    f°r  slabs  of 

uniform  thickness  and  v  =  ^'j^J^  for  slabs  with  dropped  panels, 
where  W  is  the  sum  of  the  dead  and  live  loads  on  the  panel. 
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Working  Stresses. — The  Joint  Committee  recommend  the 
following  working  stresses  in  design  of  reinforced  concrete 
structures : 

Direct  bearing:  With  a  total  area  at  least  twice  the  loaded  area,  35 
per  cent  of  compressive  strength  to  be  allowed  in  the  area  actually  under 
load. 

Axial  compression:  On  a  thin  pier  whose  length  does  not  exceed  four 
times  the  least  lateral  dimension,  or  on  columns  reinforced  with  longi- 
tudinal bars  only  the  length  of  which  does  not  exceed  12  diameters, 
22.5  per  cent  of  the  compressive  strength. 

Fibre  stress:  On  assumption  of  constant  Ee,  32.5  per  cent  of  the  com- 
pressive strength.  Adjacent  to  the  support  of  continuous  beams, 
stresses  15  per  cent  higher  may  be  used. 

Diagonal  tension:  (a)  For  beams  with  horizontal  bars  only  and 
without  web  reinforcement,  2  per  cent  of  compressive  strength. 

(6)  For  beams  with  web  reinforcement  consisting  of  vertical  stirrups 
properly  looped  about  the  horizontal  bars  and  spaced  not  more  than  half 
the  depth  of  beam;  or  for  beams  with  horizontal  bars  bent  up  at  an  angle 
not  more  than  45°  nor  less  than  20°  with  the  axis  of  the  beam,  and  points 
of  bending  are  spaced  not  more  than  three  fourths  the  depth  of  the  beam, 
not  to  exceed       per  cent  of  the  compressive  strength. 

(c)  For  combination  of  bent  bars  and  vertical  stirrups,  properly 
arranged,  not  more  than  5  per  cent  of  the  compressive  strength. 

(d)  For  web  reinforcement,  either  vertical  or  inclined,  securely 
attached  to  horizontal  bars  and  properly  spaced,  not  to  exceed  6  per 
cent  of  compressive  strength. 

Direct  punching  shear:  6  per  cent  of  compressive  strength. 
Bond  stress:  Plain  bars,  4  per  cent;  drawn  wire  2  per  cent;  best  types 
deformed  bar,  5  per  cent  of  compressive  strength. 

Reinforcement:  Tensile  stress  in  steel  16,000  lb.  per  square  inch. 

Practical  Design. — In  practical  design,  many  diagrams  and 
charts  have  been  devised  which  greatly  facilitate  calculations,  a 
few  typical  ones  being  illustrated  below. 

Referring  to  Formula  (1)  p.  Ill,  it  is  evident  that 


and 


=c4 


M 
b 


(1) 


(2) 


For 


fc  =  650,  d  =  0.096* 


(3) 
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This  quantity  M/bd2  is  called  the  "coefficient  of  resistance." 
The  diagram  shown  in  Fig.  39(C)  gives  values  of  the  first  two 
members  of  equation  (1)  for  various  unit  stresses  and  percentages 
of  steel,  and  hence  values  of  the  last  member  as  well.  The  use  of 
these  diagrams  will  appear  from  the  two  following  examples,  in 
which  n  is  taken  as  15. 

1.  Given  a  beam  12  in.  wide  and  16  in.  effective  depth  with  four  %-in. 
square  bars  (1.17  per  cent  reinforcement).  What  bending  moment  will  it 
sustain  if  the  working  stresses  are  to  be  600  and  16,000  lb.  per  square  inch 
for  concrete  and  steel  respectively. 

Find  1.17  per  cent  and  trace  vertically  until  the  first  of  600  or  16,000 
curves  is  crossed.  Since  the  600  curve  is  met  first,  the  stress  in  the  con- 
crete will  govern  with  this  percentage  of  reinforcement.  Trace  now  hori- 
zontally and  find  M/bd2  =  112.  Then  112  X  12  X  162  =  247,000  lb.-in., 
the  moment  that  it  will  carry. 

2.  Design  a  beam  with  the  above  unit  stresses  to  carry  a  bending  moment 
of  628,000  lb.-in. 

Find  the  intersection  of  the  600  and  16,000  lb.  curves  which  gives  M/bd2  = 
95,  and  a  percentage  of  steel  of  0.7  per  cent.  648,000  -r-  95  =  6,610  = 
bd2.  Making  b  approximately  %d  gives  d  =  21%  in.  and  b  =  14  in.,  with 
2.11  sq.  in.  of  steel,  or  say  four  %-in.  square  rods. 

In  Fig.  39,  diagram  (A)  gives  values  of  the  bending  moment 
(M  =  1.5wl2)  for  various  uniform  loads  and  spans.  Diagram  (B) 
gives  the  relation  between  coefficients  of  resistance  (M/12d2)  and 
bending  moments  for  various  effective  depths.  Diagram  (C)  has 
been  explained.  Diagram  (D)  gives  areas  of  steel  per  foot  of 
width  of  beams  for  various  depths  of  beams  having  various  per- 
centages of  reinforcement. 

For  practical  designing,  the  use  of  such  diagrams  is  to  be  com- 
mended as  greatly  facilitating  the  calculations  and  hence  lessen- 
ing the  expense.  Various  handbooks  on  reinforced  concrete 
offer  a  great  variety  of  these  diagrams  covering  almost  every 
phase  of  design  and  the  reader  is  referred  to  such  works  for  the 
same. 

Costs  of  Reinforced  Concrete  Work. — The  elements  entering 
into  the  cost  of  reinforced  concrete  work  may  be  analyzed  as 
follows  for  typical  construction: 

1.  Concrete: 

(a)  Materials,  including  initial  cost  and  cost  of  transportation,  and 

cost  of  tests  and  inspection, 
(6)  Mixing  and  placing, 
(c)  The  plant  required; 
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Bending  Moment  in  1000  in.lbs. 


Bending  Moment  in  1000  fn.lbs. 


Fig.  39. — Diagrams  for  design  of  reinforced  concrete  beams. 


136    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


2.  Forms  and  Falsework: 

(a)  Materials, 

(6)  Labor  in  erection, 

(c)  Labor  in  removal; 

3.  Steel  reinforcement: 

(a)  Cost  of  steel  and  of  transportation, 

(6)  Cost  of  bending, 

(c)  Cost  of  placing  in  forms; 

4.  Finish  of  exposed  surfaces: 

(a)  Materials, 

(b)  Labor. 


Averaqe  Weight  in  Pounds  per  Running  Foot 
Fig.  40. — Effect  of  weight  of  bars  upon  cost  of  placing  steel  reinforcement. 


The  cost  of  materials  varies  so  widely  that  average  figures 
mean  little,  hence,  the  current  market  prices  must  be  consulted. 
In  general,  the  cost  of  concrete  is  estimated  in  terms  of  the  cubic 
yard  as  the  unit,  but  the  cost  per  cubic  yard  for  highly  reinforced 
beams,  girders  and  slabs  may  be  ten  times  as  great  as  for  plain 
concrete  or  for  lightly  reinforced  concrete.  Again  the  unit  cost 
varies  with  the  size  of  the  job,  being  smaller  for  large  than  for 
minor  work. 

The  cost  of  steel  reinforcement  varies  with  the  season,  the 
location  and  other  conditions.    The  cost  is  usually  estimated  in 
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terms  of  tons  in  place,  and  the  cost  of  placing  is  commonly 
estimated  in  terms  of  cents  per  ton.  However,  the  cost  per  ton 
for  placing  varies  with  the  complexity  of  the  reinforcement  and 
with  the  size  of  bars  used.  Figure  401  shows  the  effect  of.  the 
weight  of  bars  per  running  foot  on  the  cost  of  bending  and 
placing. 

1  Engineering  Record,  Aug.  26,  1916. 


CHAPTER  V 


MASONRY  ARCHES 

Terms  Used  in  Arch  Masonry. — The  following  definitions  are 
in  current  usage  in  the  literature  on  arches  and  should  become 
familiar  to  the  student: 

The  arch  ring  or  arch  rib  is  the  curved  layer  of  concrete  or  other  material 
which  carries  the  arch  stresses. 

The  span  is  the  horizontal  distance  between  the  faces  of  the  abutments. 
The  soffit  is  the  inside  face  of  the  arch  ring. 
The  back  is  the  outside  of  the  arch  ring. 
The  crown  is  the  apex  of  the  arch  ring. 

The  skewback  is  the  inclined  surface  on  which  the  arch  ring  joins  the 
abutment. 

The  haunch  is  the  portion  of  the  arch  ring  between  the  crown  and  the 
skewback. 

The  springing  line  is  the  line  where  the  skewback  cuts  the  soffit. 
The  rise  is  the  vertical  distance  between  the  level  of  the  springing  line 
and  the  crown. 

The  intrados  is  the  curved  intersection  of  the  soffit  with  a  vertical  plane 
perpendicular  to  the  axis;  the  term  is  sometimes  used  synonymously  with 
soffit. 

The  extrados  is  the  curved  line  of  intersection  of  the  back  of  the  arch  with  a 
vertical  plane  perpendicular  to  the  axis. 

The  spandrel  is  the  space  between  the  extrados  of  the  arch  and  the  road- 
way. This  space  may  be  occupied  by  spandrel  arches  or  columns,  in  which 
case  it  is  termed  open  spandrel,  or  it  may  be  filled  solidly,  in  which  case  it  is 
termed  filled  spandrel. 

A  voussoir  is  a  wedge-shaped  stone  forming  a  part  of  the  arch  ring  of  stone 
arches.  The  keystone  is  the  voussoir  at  the  crown  of  the  arch.  The  vous- 
soirs  are  called  ringstones. 

A  fixed  arch  is  one  whose  skewback  is  fixed  as  to  position  and  inclination. 

Three  hinged  arches  are  those  with  hinges  at  the  springing  line  and  at  the 
crown . 

Two  hinged  arches  are  those  with  hinges  at  the  springing  line. 

A  segmental  arch  is  one  consisting  of  a  portion  of  a  cylinder  whose  intrados 
is  less  than  a  semicircle.  If  it  is  a  complete  semi-cylinder,  it  is  called  a  full 
centered  arch.    Arches  may  be  elliptical,  ploarabic,  etc. 

A  right  arch  is  one  whose  ends  are  in  planes  at  right  angles  with  the  axis, 
and  a  skew  arch  is  one  whose  end  planes  make  an  oblique  angle  with  the 
axis. 
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A  pointed  arch  is  one  whose  intrados  consists  of  segments  of  a  circle  whose 
tangents  intersect  at  the  crown  at  an  angle  less  than  180°. 

The  tympanum  is  the  space  between  the  level  of  the  springing  line  and  the 
intrados  of  the  arch. 

Nature  of  an  Arch. — An  arch  ring  is  subject  to  two  kinds  of 
action  due  to  the  loads  which  come  upon  it.  In  the  one  case, 
any  portion  of  the  arch  ring  acts  as  a  strut  or  compression 
piece,  while  in  the  second,  it  acts  as  a  portion  of  a  curved  beam 
and  as  such  is  subject  to  flexure  and  to  shear.  The  distribution 
of  stress,  therefore,  over  any  section  of  an  arch  ring  is  similar  to 
that  of  a  beam  subject  to  flexure  and  direct  compression  at  the 
same  time. 

In  order  to  have  pure  arch  action,  three  conditions  must  be 
fulfilled  with  reference  to  the  arch  ring.  (1)  The  length  of  the 
span  must  remain  constant,  (2)  the  elevation  of  the  ends  must 
remain  unchanged,  and  (3)  the  inclination  of  the  skewback  must 
be  fixed.  These  mean  that  all  changes  in  displacement  and  slope 
must  occur  between  the  springing  lines  and  that  a  displacement 
in  one  direction  must  be  accommodated  by  a  counter  displace- 
ment in  the  other  between  these  planes.  The  significance  of 
these  conditions  will  become  apparent  later.  They  apply,  of 
course,  only  to  fixed  or  hingeless  arches,  the  only  type  to  be 
considered  in  this  chapter. 

The  essential  difference  between  an  arch  and  a  beam  is  that 
moment  stresses  resulting  directly  from  loads,  theoretically  at 
least,  could  be  eliminated  by  choosing  the  form  of  arch  so  that 
the  resultant  thrust  would  pass  through  the  centers  of  gravity 
of  the  sections  of  the  arch  ring.  The  horizontal  crown  thrust 
(under  symmetrical  loads)  combined  with  the  superimposed 
load  on  the  first  segment  or  voussoir  gives  the  resultant  thrust  a 
deflection  downward,  and  the  load  on  the  next  segment  combined 
with  this  resultant  gives  a  still  greater  deflection,  and  so  on.  If 
the  arch  ring  were  made  to  follow  this  curved  line  of  thrust 
exactly,  the  direct  loading  would  produce  only  compressive 
stresses  in  the  arch  ring,  thereby  eliminating  flexural  stresses. 

In  the  design  of  a  fixed  masonry  arch,  the  procedure  consists 
in  making  an  approximate  design  by  empirical  formulas  and  then 
in  investigating  this  design  to  make  a  more  exact  design. 

Method  of  Procedure  in  Design. — Inasmuch  as  the  loads  and 
the  stresses  depend  directly  upon  the  form  of  the  arch  ring,  and 
the  form  of  the  arch  ring  in  turn  depends  upon  the  loads  to  be 
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carried,  an  arch  is  designed  necessarily  by  more  or  less  indirect 
methods.  That  is,  the  form  and  dimensions  of  the  arch  ring 
cannot  be  made  an  explicit  function  of  the  loads.  However, 
corresponding  indirect  methods  are  employed  in  the  design  of 
beams,  trusses,  etc.  The  design  consists  essentially  of  three 
steps,  (1)  an  approximate  design  by  empirical  formulas,  (2)  an 
investigation  of  the  approximate  design,  and  (3)  such  modifica- 
tions of  the  approximate  design  as  may  be  indicated  by  this 
investigation. 

The  preliminary  approximate  design  consists  of  two  steps,  (a) 
determining  the  form  of  the  arch  ring  and  (b)  determining  the 
thickness  of  the  arch  ring  at  the  crown. 

Determining  the  Form  of  the  Arch  Ring. — In  many  cases,  the 
form  of  the  arch  ring  is  largely  fixed  by  certain  local  conditions, 
such  as  the  height  of  clearance  over  other  railways,  the  maximum 
waterway  for  a  given  span,  etc.  For  example,  since  an  elliptical 
arch  will  give  the  maximum  waterway  for  a  given  span,  the  neces- 
sity of  providing  ample  waterway  may  practically  compel  the 
choice  of  an  elliptical  arch.  However,  where  freedom  is  allowed 
in  the  choice  of  arch  form,  economy  will  generally  be  the  governing 
factor,  and  in  general,  economy  will  mean  a  minimum  amount  of 
masonry,  unless  the  complicated  form  work  should  render  the 
forms  and  falsework  unduly  expensive. 

The  selection  of  the  rise  ratio,  i.e.,  the  ratio  of  the  rise  to  the 
span,  has  much  to  do  with  the  economy  of  the  arch.  The  flatter 
the  arch,  in  general,  the  greater  the  thrust  on  the  abutments,  the 
greater  the  stresses  due  to  loads,  temperature  and  shrinkage,  and 
consequently,  the  greater  the  cost.  However,  the  rise  ratio 
will  usually  be  determined  by  the  height  of  waterway  required,  the 
relative  elevations  of  the  foundations  and  the  roadway  to  be 
carried,  or  by  a  consideration  of  both  factors. 

Having  determined  the  rise  ratio,  the  most  economical  type 
results  from  a  consideration  of  stress  distribution,  as  explained 
hereafter,  although  other  considerations  than  economy  may  cause 
a  choice  of  some  different  form. 

If  all  the  loads  on  the  arch  were  fixed  loads,  the  arch  ring  could 
be  designed  to  follow  the  form  of  the  funicular  or  equilibrium 
polygon  for  such  loads  and  the  line  of  thrust  would  be  normal  to 
the  section  of  the  arch  ring  at  any  point  and  would  pass  through 
the  center  of  gravity  of  the  section  and  hence  would  produce  only 
compression  in  the  arch  ring,  so  far  as  the  direct  loading  stress 
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was  concerned.  For  example,  if  the  load  were  uniformly  distri- 
buted across  the  span,  the  equilibrium  polygon  would  be  a  para- 
bola. Hence,  if  in  that  case  the  arch  ring  were  given  the  shape  of 
a  parabola,  compressive  stresses  only  would  result.  The  equilib- 
rium polygon  for  any  given  loading  is  called  the  linear  arch  if 
the  number  of  sides  of  the  polygon  is  made  infinite. 

Obviously  the  shape  of  this  linear  arch  depends  upon  the  dis- 
tribution of  the  loading.  Thus  for  normal  loads  as  for  water 
pressure,  the  arch  should  be  circular;  for  a  uniformly  distributed 
load,  it  should  be  parabolic,  and  for  any  other  condition  of  loading 
there  is  a  definite  curve  for  the  arch  ring  that  will  make  the 
resultant  pass  through  the  centers  of  gravity  of  the  sections  of  the 
arch  ring.  A  linear  arch  is,  therefore,  like  an  inverted  cable  for 
a  suspension  bridge,  the  stresses  being  compression  instead  of 
tension  as  in  the  latter,  and  the  equilibrium  polygon  being  a 
"stick"  polygon  rather  than  a  " string"  polygon.  Owing  to 
the  fact  that  the  load  varies  over  the  spandrels  and  is  not  normal 
to  the  arch  ring,  a  simple  circular  arch  ring  cannot  be  used  gener- 
ally to  advantage  because  the  line  of  pressure  cannot  be  made  to 
fit  the  arch  ring.  Neither  can  a  simple  parabolic  arch  be  made  to 
follow  the  funicular  polygon,  because  it  is  impractical  to  dis- 
tribute the  dead  load  uniformly  on  account  of  the  additional  load 
coming  from  the  spandrels.  Elliptical,  "basket-handle,"  three 
and  five  centered,  or  other  regular  forms  will  usually  require  more 
masonry  in  the  arch  ring  and  also  in  the  abutments  than  one 
designed  to  follow  the  funicular  polygon. 

In  the  following  discussion,  positive  moment  will  refer  to  the 
moment  which  tends  to  cause  compression  in  the  upper  fibers  of 
the  arch  ring  and  negative  moment,  that  which  tends  to  cause 
compression  in  the  lower  fibers. 

It  can  be  shown  theoretically,  and  practical  results  have 
demonstrated,  that  the  most  economical  arch  for  relatively  large 
rise  ratios  follows  the  equilibrium  or  funicular  polygon  for  the 
dead  load  plus  one  half  the  live  load  distributed  over  the  entire 
span.  In  such  an  arch  the  stresses  due  to  temperature  change  and 
to  rib  shortening  will  be  relatively  small  (see  p.  154)  and  the  posi- 
tive moments  caused  by  combined  dead  and  live  loads  at  any 
section  will  approximately  equal  the  combined  negative  moment 
for  that  section.    See  Fig.  41. 

However,  for  arches  of  relatively  small  rise  ratio  (less  than 
about        better  results  can  be  had  by  making  the  arch  follow 
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the  funicular  polygon  for  the  dead  load  only,  or  for  the  dead  load 
plus  a  small  fraction  of  the  live  load  uniformly  distributed,  be- 
cause temperature  and  arch  shortening  stresses  will  be  relatively 
high  and  will  be  additive  with  the  stresses  caused  by  the  uniform 
live  load  rather  than  those  caused  by  the  dead  load.  Moreover, 
in  the  majority  of  cases,  the  arch  ring  laid  out  for  the  dead-plus- 
half-live  load  will  not  differ  greatly  from  that  laid  out  to  follow 
the  funicular  polygon  for  the  dead  load  only,  particularly  for  a 
heavy  dead  load  as  compared  to  the  live  load.  However,  for 
most  arches,  the  funicular  polygon  for  dead-plus-half-live  load 
should  be  used. 


Fig.  41. — Loading  to  produce  equilibrium  polygon  for  economic  arch. 


Fig.  42. — Coordinates  of  an  arch  rib. 


On  the  basis  of  laying  the  arch  to  the  funicular  polygon  for 
the  dead  load  only,  Victor  C.  Cochrane1  has  derived  the  following 
approximate  formulas  for  the  form  of  arch  ring  for  average 
conditions: 

8rL 

For  open  spandrel  arches,  y  =  g  _|_  ^r(^c2  +  10c4r) 

4rL 


For  filled  spandrel  arches,  y 


.(c2  +  24c6r) 


1  +  3rv 

Where  y  =  the  ordinate  from  crown  to  any  point  on  the  arch 
ring 

1Proc.  Eng.  Soc.  of  W.  Pa.,  vol.  32,  p.  659. 
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c  =  the  ratio  of  the  x-coordinate  of  this  point  to  the  span 
r  =  the  rise  ratio 
L  =  the  span. 

The  angle  between  the  line  of  thrust  and  the  horizontal  at  the 
springing  line  is  given  by  the  following  formulas: 

8r 

For  open  spandrel  arches,  tan  6  =  g  _j_  ^r(3  -f-  5r) 

4r 

For  filled  spandrel  arches,  tan  8  =  ^  .  g^(l  +  7.5r) 

These  formulas  may  be  used  for  plotting  the  form  of  the  arch 
ring,  or  approximate  assumptions  as  to  loadings  may  be  made 
and  the  funicular  polygon  plotted  directly  for  the  assumed 
conditions. 

For  an  arch  constructed  according  to  the  above  formulas, 
Mr.  Cochrane  gives  the  following  formulas  for  calculating  the 
approximate  crown  thrust: 

_  ,   i      i       tt  T6  +  5r 

For  open  spandrel  arches,  Hc  =  wcL — 

1  +  3r 

For  filled  spandrel  arches,  Hc  =  wcL — ^ — 

where  wc  is  the  load  per  lineal  foot  at  the  crown. 

Thickness  of  the  Arch  Ring. — Thickness  at  the  Crown.  After 
selecting  the  rise  ratio  and  the  general  form  of  arch  ring,  the 
next  step  is  to-  determine  approximately  the  thickness  of  the 
arch  ring,  first  at  the  crown  and  then  at  other  points.  From  a 
study  of  existing  arches  and  also  of  his  own  designs,  F.  F.  Weld1 
devised  the  following  empirical  formula  for  the  thickness  of  the 
crown  of  an  arch 

d  =  v'L  +  0.01L  +  0.005 Wi  +  0.0025wc 

where  L  is  the  length  of  span  in  feet,  Wl  is  the  live  load  in  pounds 
per  square  foot,  wl  is  the  dead  load  at  the  crown  in  pounds  per 
square  foot,  and  d  is  the  depth  of  crown  in  inches.  For  railroad 
bridges,  add  50  per  cent  to  the  equivalent  live  load  for  impact. 
The  thickness  at  the  quarter  points  should  be  1.25d  to  1.50d 
depending  upon  the  curve  of  the  intrados. 

This  formula  does  not  take  into  consideration  the  rise  ratio 
of  the  arch  nor  the  strength  of  the  materials  used  in  its  construc- 

1  Engineering  Record,  Nov.  4,  1905. 
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tion.  Below  is  given  a  rational  formula  derived  by  J.  P. 
Schwada1  which  takes  into  consideration  these  factors: 

=  57.6(^-^(1  +  R  +  M  +  &F  +  Q 

where  d  =  depth  of  the  crown  in  feet. 
L  =  span  in  feet. 
R  =  rise  in  feet. 
•F  =  fill  at  the  crown  in  feet. 

B  =  weight  of  track  and  ballast  or  of  pavement  in  pounds 

per  square  foot 
w  =  uniform  live  load  in  pounds  per  square  foot. 
fc  =  unit  stress  in  arch  ring  in  pounds  per  square  inch 
K  =  ratio  of  stress  at  crown  (average)  to  stress  fc. 
Table  X  gives  values  of  the  coefficient  K  for  use  in  this  formula 
for  various  spans  and  rise  ratios  for  highway  and  railway  bridges. 

Table  X. — Values  of  Coefficient  K  for  Highway   and  Railway 

Bridges 


Span  in  feet 


R/L 

20 

30 

40 

50 

60 

120 

150 

Hy. 

Ry. 

Hy. 

Ry. 

Hy. 

Ry. 

Hy. 

Ry. 

Highway  or 
railway 

1:4 
1:5 
1:6 
1:7 
1:8 

0.16 
0.20 
0.24 
0.27 
0.31 

0.26 
0.32 
0.38 
0.46 
0.55 

0.25 
0.30 
0.35 
0.39 
0.44 

0.36 
0.42 
0.49 
0.56 
0.62 

0.35 
0.40 
0.45 
0.50 
0.55 

0.41 
0.48 
0.55 
0.59 
0.64 

0.42 
0.49 
0.55 
0.60 
0.64 

0.44 
0.52 
0.57 
0.61 
0.65 

0.46 
0.54 
0.59 
0.63 
0.67 

0.58 
0.66 
0.71 
0.75 
0.79 

0.64 
0.72 
0.77 
0.81 
0.85 

Mr.  Schwada's  formula  gives  reliable  results  and  is  convenient 
to  use,  particularly  if  placed  in  the  form  of  a  graphic  chart. 

Thickness  of  the  Haunch. — After  determining  tentatively  the 
thickness  of  the  crown,  the  next  step  is  to  proportion  the  arch  in 
the  haunch.  Victor  H.  Cochrane2  from  a  study  of  comparative 
designs  of  arches  of  the  linear  arch  form  prepared  the  diagram  of 
Fig.  43,  which  gives  the  relative  thickness  of  the  arch  at  any 
proportional  distance  from  the  crown  on  the  arch  ring  towards 

1  Engineering  News,  Nov.-  9,  1916. 

2Proc.  Eng.  Soc.  of  W.  Pa.,  vol.  32,  p.  663. 
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the  springing  line.  The  term  u  is  the  ratio  of  the  thickness  at 
any  point  in  the  haunch  to  the  thickness  at  the  crown,  and  v 
is  the  ratio  of  the  distance  along  the  arch  ring  to  the  point  con- 
sidered to  the  total  length  from  the  crown  to  the  springing  line. 
Type  A3. 25,  etc.,  means  an  arch  whose  thickness  at  the  springing 
is  3.25  times  that  at  the  crown. 


O       010      OZO     03O     040    OSO    060    Q70     080    Q90  /.OO 
Values      of    Rtrfio  v 

Fig.  43. — Thickness  of  typical  arch  rings. 

The  use  of  the  values  given  by  Fig.  43  will  cause  a  slight  excess 
of  thickness  in  the  haunch  between  the  crown  and  the  quarter 
point,  which  is  employed  to  enhance  the  appearance  of  the  arch, 
as  it  improves  the  gracefulness  of  outline  over  that  which  follows 
strictly  the  requirements  of  stresses.  The  natter  the  arch,  i.e., 
the  less  the  rise  ratio,  the  greater  will  be  the  portion  having 
essentially  the  same  thickness  as  the  crown,  and  the  thicker  will 
be  the  arch  at  the  springing.  From  a  study  of  examples  given 
in  "Symmetrical  Masonry  Arches"  by  M.  A.  Howe  and  other 

10 
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examples,  the  following  average  deductions  were  drawn  as  to  the 
relation  between  the  ratio  of  the  springing  and  crown  depths 
and  the  rise  ratio.  Full  centered  circular  arches  of  masonry 
have  usually  been  constructed  with  an  arch  ring  of  uniform 
depth,  but  where  a  variation  has  been  made  in  the  case  of  rise 
ratios  of  1 :4  to  1:9,  this  ratio  has  been  given  a  value  of  1.3  to  2.0. 
The  plain  concrete  arches  studied  had  similar  values  for  this 
ratio,  or  somewhat  less.  For  reinforced  concrete  arches,  the 
following  appear  to  represent  average  values,  although  in  indi- 
vidual cases,  there  are  wide  divergencies  from  these  figures: 


Rise  ratio 

-r,  J .    thickness  at  springing 

Ratio    ...  .  — ^—^ 

thickness  at  crown 

1:2 

1 : 5  for  highway,  1 : 2  for  railway 

1:3 

2.0 

1:6 

2.5 

1:12 

3.0 

Obviously  there  is  no  rational  method  of  determining  the  rela- 
tive thickness  at  the  haunch  and  at  the  crown,  or  at  least,  the 

relationship  is  too  complex  for 
analysis.  Many  arches  have 
been  built  with  the  thickness 
at  springing  more  than  three 
times  that  at  the  crown,  this 
ratio  amounting  to  9.0  or  more 
in  some  instances,  but  such 
proportions  are  scarcely  justifi- 
able .  For  arches  carrying  heavy 
live  loads  the  ratio  t8/tc  should 
be  larger  than  for  arches  carry- 
ing relatively  light  live  loads. 
Additional  thickness  at  the 
springing  causes  increased  stresses  due  to  temperature  changes 
and  to  rib  shortening. 

Loads  on  a  Masonry  Arch. — The  loads  to  which  a  masonry 
arch  may  be  subjected  vary  widely  because  of  the  variety  of  uses 
to  which  this  type  of  structure  is  put,  e.g.,  in  bridges,  buildings, 
dams,  monuments,  foundations  and  other  structures.  The  posi- 
tions of  the  live  load  which  produce  maximum  stresses  at  the 


LOADING  J 
for  Max.  +M  al  Crown 
M/2  kl/e 


about  \. 

i 

LOADING  2 
For  Max.  -M.  of  Crown 


LOADING  3 
For  Max.  +  M.  otSpr  'ng. 

kl 


LOADING  4 
for  Mox.-M.  atSpr'ng. 


Fig.  44. — Position  of  live  loads  for 
maximum  stresses. 


MASONRY  ARCHES 


147 


crown  and  at  the  springing  are  shown  in  Fig.  44, 1  and  the  arch 
should  be  investigated  for  each  of  these  conditions  of  loading  at 
least. 

For  the  loadings  to  which  arch  bridges  may  be  subjected,  see 
Chap.  IX. 

Stresses  in  Arch  Rib. — The  stresses  in  an  arch  rib,  as  previously 
indicated,  consist  of  direct  compression,  flexure  and  shear,  and 
result  from  four  sources  as  follows : 

1.  Loads,  dead  and  live,  on  the  structure  producing 

(a)  Thrust  or  direct  compression 

(b)  Moment  or  flexure 

(c)  Shear 

2.  Temperature  change,  producing 

(a)  Compression  or  tension  at  the  crown 

(b)  Flexure 

3.  Shrinkage  due  to  setting  and  hardening,  producing 

(a)  Tension  at  the  crown 

(b)  Flexure 

4.  Shortening  of  arch  rib  under  thrust  caused  by  loads,  producing 

(a)  Tension  at  the  crown 

(b)  Flexure. 

Each  of  these  stresses  must  be  investigated  separately  and  the 
combination  ascertained  which  produces  the  maximum  total 
stress. 

The  stresses  are  statically  indeterminate,  but  by  making  use 
of  the  elastic  properties  of  the  materials,  the  stresses  become 
determinate.  The  resulting  method  of  procedure  is  called  the 
"Elastic  Theory"  of  arches  and  is  applicable  to  masonry  arches 
constructed  of  materials  capable  of  sustaining  tensile  stress,  and 
to  any  masonry  arch  so  long  as  the  line  of  thrust  is  kept  within 
the  middle  third  of  the  section  of  the  arch  rib  so  that  no  net  ten- 
sile stress  actually  exists  at  the  section. 

Stresses  in  Curved  Beams. — A  hingeless  arch  acts  essentially 
as  a  curved  beam  fixed  at  both  ends.  Owing  to  the  fact  that  the 
projected  length  is  not  the  same  as  the  curved  length  and  that 
transverse  loads  produce  direct  compression,  the  principles  in- 
volved are  different  from  those  pertaining  to  straight  beams. 

As  previously  stated,  there  are  three  conditions  requisite  for 
a  fixed  arch,  as  for  a  fixed  beam,  viz.,  (a)  the  inclination  of  the 
neutral  surface  at  the  abutments  must  remain  unchanged,  i.e., 
the  total  change  in  inclination  between  springing  lines  must  equal 

1  Proc.  Eng.  Soc.  of  W.  Pa.,  vol.  32,  p.  683. 
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zero;  (b)  the  length  of  span  must  remain  unchanged;  and  (c)  the 
elevation  at  the  springing  line  must  remain  constant.  The 
method  of  procedure  consists  in  investigating  these  three 
conditions. 

In  Fig.  45  (a)  let  ds  be  an  increment  of  length  of  the  arch  ring 
and  dcj>  represent  the  angular  change  in  the  inclination  of  the  sec- 
tion normal  to  the  neutral  surface  in  the  length  ds,  due  to  stress. 


Fig.  45. — Reformation  of  a  curved  beam. 

Then  the  stress  at  a  distance  z  from  the  neutral  surface  is  Sz  = 
E-z  d(j>/^  The  total  moment  of  these  stresses  over  the  entire 
section  about  the  neutral  axis  is 

M  =  f&-dA*=jE-z-fsz=E^Jz>dA=EId±  (1) 

Let  Fig.  45  (b)  represent  a  portion  of  a  curved  fixed  beam  or  an 
arch,  BA  being  the  unstrained  position  and  CA  the  strained  posi- 
tion of  this  same  portion  due  to  the  distortion  of  the  differential 
segment  ds,  if  the  point  B  were  free  to  move. 

From  (1),  we  have  for  the  total  increment  of  change  in 
inclination 

dy_  _  x 
u 


Ja 

In  Fig.  45  (b),  dy/dv  =  x/u,  or 


and 


dx/dv  —  y/u,  or 


u-d<t> 
dx 
u-d<j> 
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whence  dy  =  x-d<j>,  and  dx  =  —y  d<f). 
The  total  change  in  coordinates  is1 


fB  J  CBMx.ds  ,.y 

Ay=  Lx-d*=  1-et  (4) 

These  equations  are  fundamental  and  form  the  basis  of  the 
elastic  analysis  of  fixed  arches.  Since  by  the  principles  stated 
above,  the  total  change  in  the  inclination  of  the  section  perpen- 
dicular to  the  neutral  surface  equals  zero,  and  likewise  the  total 
change  in  the  coordinates  is  zero,  because  the  abutments  are 
fixed,  there  results 

A<f>  =  0 

Ax  =  0  (5) 
Ay  =  0. 

If,  by  a  method  to  be  explained  presently,  the  arch  ring  is 
divided  into  segments  of  varying  lengths  increasing  towards  the 
springing  line  so  that  ds/I  is  a  constant  quantity  for  each  seg- 
ment, or  increment  of  s,  it  is  obvious  that 

^Sl     =0,  or  2M     =  0,  (6) 

tl  ci- 


dS 

EJ 

ds 
El 


ZM-y  =  0,  or  2M-y  =  0,  (7) 
?M-x  =  0,  or  2M-x  =  0.  (8) 


Stresses  Due  to  Loads.2 — The  stresses  produced  by  loads  on  an 
arch  consist  of  compression,  shear  and  moment.  In  Fig.  46, 
assume  the  loads  applied  to  a  symmetrical  arch  as  shown.  The 
arch  ring  is  divided  into  an  even  number  of  segments  of  variable 
lengths  such  that  ds/I  is  constant  (by  a  method  to  be  explained 
later),  and  the  center  of  gravity  of  each  segment  indicated. 
Assuming  the  thrust,  shear  and  moment  at  the  crown  replaced 

Johnson,  Bryan  and  Turneaure,  "Modern  Frame  Structures," 
vol.  2,  p.  114. 

2  For  an  excellent  treatment  of  the  elastic  theory  of  the  arch,  the  reader 
is  referred  to  Turneaure  and  Mauer,  "Principles  of  Reinforced  Concrete 
Construction,"  from  which  the  present  article  was  largely  taken. 
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by  external  forces,  one  half  of  the  arch  may  be  considered  as 
removed  and  the  remaining  half  may  be  considered  as  a  canti- 
lever under  the  forces  applied  as  shown. 

Let  HC)  Vc  and  Mc  represent  the  thrust,  shear  and  moment 
respectively  at  the  crown; 

N,  V  and  M,  the  thrust,  shear  and  moment  at  any  other  sec- 
tion along  the  arch  ring; 


Fig.  46. — Loads  and  forces  on  an  elastic  arch  ring. 


I  for  the  section  be  equal  to  Ic  +  nls,  Ic  and  Is  being  the  mo- 
ments of  inertia  for  the  concrete  and  steel  sections  respectively; 

x,  y  be  the  coordinates  of  any  point  considered; 

ns  be  the  number  of  divisions  or  segments  into  which  the  half 
arch  ring  is  divided. 

Using  the  subscript  r  and  I  to  indicate  quantities  on  the  right 
or  left  respectively  and  m  to  represent  the  moment  in  the  left 
half  arch  acting  as  a  cantilever,  and  taking  summations  across 
the  entire  arch. 

2M&  -  2Irx  =  0  (1) 
-LMty  +  2M,y  =  0  (2) 
Sikfi   +  S¥r   =  0  (3) 
Mi  =  ml  +  Mc  +  Hcy  +  Vcx,  and  (4) 
Mr  =  mr  +  Mc  +  Hcy  -  Vcx  (5) 

In  this  discussion,  moments  which  tend  to  cause  compression 
in  the  upper  fibers  are  considered  positive  and  those  which  tend 
to  cause  compression  in  the  lower  fibers  are  considered  negative. 
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Substituting  values  of  Mi  and  Mr  from  (4)  and  (5)  in  (1),  (2) 
and  (3)  and  collecting  terms, 

2mtx  -  ^mTx  +  2VcZx*  =  0  (6) 

^miy  +  2mry  +  2Mc2y  +  2Hc2y*  =  0  (.7) 

2to;   +  2wr   +  2SMC   +  2Hc2y   =  0  (8) 

Eliminating  Mc  between  (7)  and  (8),  since  2ikfc=  nMc 

M  2rmy  +  2mry  +  2i7ey2  _      Sm  +  2ffcSy2 

Mc  ~                   22h/                              22?/  W 

^          Zw;  +  2mr  +  2ffPZy  _      Zm  +  2ffeSy  n  . 

Me  ~                  2ns                             2n.  1  U; 

Equating  and  solving  for  Hc 

=  n8^{mi  +  mr)y  +  2(m;  +  mr)-Xy  =  ns*Lmy  +  SmSy  .  , 

2[(2i/)2  -  ng2?/2]                2[(Sy)2  -  r^2]  1  j 


From  (6) 


_  S(m;  -  mr)x  . 


Equations  (10),  (11)  and  (12)  are  applicable  to  elastic  arches 
of  any  form  and  from  them  the  thrust,  shear  and  moment  at  the 
crown  can  readily  be  calculated.  With  these  quantities  known 
for  the  crown  section  (or  for  any  other  section)  the  thrust,  shear 
and  moment  for  any  other  point  become  readily  calculable  by 
simple  statics.  The  thrust  at  any  point  is  the  resultant  of  the 
crown  thrust  and  the  loads  up  to  that  point.  The  shear  is  given 
by  the  equation 

V  =  Vc  +  SP,  (13) 
P  being  the  intermediate  loads. 

The  moment  at  any  point  on  the  left  cantilever  is  given  by  the 
statical  equation, 

M  =  Mc  +  Hc-y  +  Vc-x  +  mi  (14) 
and  for  any  point  on  the  right  cantilever  by 

M  =  Mc  +  He-y  -  Vc-x  +  mr  (15) 

Care  must  be  exercised  to  give  the  proper  sign  to  the  moments 
of  the  loads  on  the  cantilever.  The  summations  above  are  for 
half  of  the  arch  ring. 

Stresses  Due  to  Temperature  Changes. — The  stresses  resulting 
from  temperature  changes  consist  of  tension  or  compression  and 
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moment.  If  an  arch  were  entirely  free  to  move  concentrically, 
i.e.,  not  restrained  at  the  abutments,  changes  in  temperature 
would  not  induce  stress,  but  owing  to  the  fact  that  the  abutments 
are  fixed,  a  change  in  the  length  of  the  arch  ring  has  an  effect 
similar  to  that  which  would  result  if  the  arch  ring  were  kept 
constant  in  length  and  the  abutments  were  moved  horizontally,  as 
indicated  by  the  dotted  lines  in  Fig.  47.  Thus  a  drop  in  tempera- 
ture, which  would  correspond  to  a  pulling  of  the  abutments  apart, 
would  cause  positive  moment  in  the  arch  ring  and  tension  at  the 


Fig.  47. — Effect  of  temperature  drop  on  an  elastic  arch. 


crown,  and  a  rise  in  temperature,  which  would  correspond  to  a 
pushing  of  the  abutments  together  would  cause  negative  moment 
and  compression  at  the  crown. 

As  the  temperature  increases,  the  crown  of  the  arch  rises  and 
negative  moment  results  with  a  thrust  in  the  arch  at  the  crown. 
The  total  expansion  (change  in  span)  that  would  occur  if  the 
arch  were  free  to  expand  would  be  cTL,  c  being  the  coefficient  of 
thermal  expansion,  T  the  temperature  change  in  degrees,  and  L 
the  span  length.    Hence,  from  (3)  p.  149, 

Ax  -  ZMvyjj^  =  cTL/2  (1) 

Since  the  total  change  in  inclination  of  the  normal  to  the 
neutral  surface  is  zero, 
r/s 

A<j>  =    2Mf  —  =  0,  or  2M,  =  0  (ds/EJ  being  constant).  (2) 

Since  there  are  no  external  loads, 

Mi  =  Mc  +  Hc-y  (3) 
Substituting  this  value  of  Mi  in  (1) 

M.Zy  +  He2y*  =  cT^J  (4) 
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Substituting  in  (2),  (remembering  2MC  =  nsMc) 
M       _  HcZy 

Substituting  this  value  of  Mc  in  (4) 

-  gc(2y)2  +  HcZy*  =  cTL  (6) 
na 

Whence 

_        cTL-ris        EJ  .  „ 

c  ~  2[nsSy2  -  (S?/)2]'ds  U; 

From  equations  (5)  and  (7),  the  moment  and  thrust  at  the 
crown  can  be  readily  calculated  for  any  change  in  temperature, 
and  with  these  determined,  from  (3)  the  moment  at  any  point  can 
be  computed. 

The  modulus  Ec  must  be  expressed  in  pounds  per  square  foot 
when  L  and  y  are  in  feet,  or  if  the  former  is  in  terms  of  square 
inches,  the  latter  must  be  reduced  to  inches. 

Since  there  are  no  external  loads  applied,  the  compression 
on  any  section  due  to  temperature  change  will  be  the  component  of 
the  crown  thrust  (horizontal  for  symmetrical  arches)  perpendicu- 
lar to  that  section. 

It  will  be  observed  that  since  the  crown  thrust  and  the  crown 
moment  vary  inversely  as  [na2?/2  —  (2?/)2],  the  stresses  due  to 
temperature  will  be  decreased  by  an  increase  of  the  rise  of  the 
arch,  and  vice  versa,  other  conditions  remaining  constant. 

How  great  a  range  of  temperature  should  be  provided  for  in  the 
calculation  of  temperature  stresses  as  being  effective  in  an  arch 
is  somewhat  indefinite.  Experiments  made  at  Iowa  State  Col- 
lege on  spandrel  filled  arches1  indicate  that  the  range  of  effective 
internal  temperature  in  an  arch  ring  is  about  75  per  cent  of  the 
mean  seasonal  atmospheric  variation,  amounting  to  about  80° 
for  climates  comparable  with  that  of  Iowa.  For  open  spandrel 
arches,  the  range  of  temperature  should  be  a  somewhat  higher 
percentage  of  the  atmospheric  variation.  When  concrete  sets 
up,  its  temperature  rises  to  about  that  of  summer  conditions, 
hence  it  is  reasonable  to  suppose  that  concrete  hardens  at  a  rather 
high  temperature.  Consequently  any  change  in  temperature 
should  be  considered  chiefly  as  a  drop  instead  of  a  variation  con- 
sisting of  half  drop  and  half  rise  from  a  mean  as  is  the  custom. 

1  Iowa  State  College,  Eng.  Exp.  Sta.,  Bull.  30. 
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While  the  customary  40°  F.  variation  each  way  from  the  temper- 
ature of  no  stress  will  suffice  for  ordinary  conditions,  it  is 
probable  that,  for  open  spandrel  arches  particularly,  a  drop  of 
50°  and  a  rise  of  30°  from  the  temperature  of  no  stress  would  be 
better.  This  view  is  substantiated  by  the  fact  that  cracks  have 
appeared  on  the  under  side  of  arches  designed  for  an  equal  range 
of  temperature  from  a  mean.  A  specification  sometimes  used 
for  spandrel  filled  arches  provides  for  a  drop  of  30°  and  a  rise  of 
15°  from  the  temperature  of  no  stress. 

That  the  thickness  of  the  arch  ring  has  some  effect  on  the  range 
of  temperature  appears  from  the  results  obtained  at  Iowa  State 
College  previously  mentioned.  The  expression,  90°-0.53d,  is 
given  as  representing  the  range  for  the  climatic  conditions  of 
Iowa,  where  d  is  the  distance  in  inches  from  the  exposed  surface 
to  the  point  considered. 

Stresses  Due  to  Shrinkage  of  Concrete. — Shrinkage  of  concrete 
due  to  setting  produces  tension  at  the  crown  and  positive  moment 
in  the  arch  ring,  just  as  would  a  fall  in  temperature.  The 
stresses  resulting  from  this  shortening  of  the  arch  ring  may  be 
calculated  in  a  manner  similar  to  that  given  above  for  a  drop  in 
temperature.    Substituting  CSL  for  cTL  in  equation  (7),  p.  153, 

„  CsLnsEc         I_  qn. 

Mc  ~      2[ns2y2  -  (2yy]'ds  kJ 

M^-^  (2) 

M  =  Mc  +  tfc-y  (3) 

the  summations  being  for  half  the  arch  ring. 

The  coefficient  of  linear  shrinkage  of  plain  concrete  is  about 
0.0003  for  1:9  concrete  and  0.0005  for  1:3  concrete. 

The  stresses  in  the  steel  and  in  the  concrete  produced  locally 
by  the  shrinkage  of  the  latter  may  be  computed  as  for  any  rein- 
forced concrete  members  as  shown  on  p.  123. 

The  stresses  incurred  by  seasonal  temperature  change  and  by 
shrinkage  are  doubtless  relieved  to  a  considerable  extent  by  the 
"flow"  of  the  concrete,  although  not  enough  is  known  about  this 
property  of  concrete  to  justify  taking  it  into  consideration  in  the 
design  of  structures. 

Stresses  Due  to  Rib  Shortening  from  Thrust. — When  loads  are 
placed  on  an  arch,  compression  is  set  up  in  the  arch  ring  causing 
a  shortening  of  the  latter.    This  shortening  produces  tension  at 
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the  crown  and  moment  in  the  arch  ring  in  the  same  manner  as 
does  a  shortening  of  the  rib  due  to  shrinkage,  or  to  a  drop  in 
temperature.  The  amount  of  these  effects  may  be  calculated 
in  a  manner  similar  to  that  of  the  preceding  article,  if  the  com- 
pressive stresses  are  known.  The  shortening  of  the  span  of  the 
arch  rib  is  fcL/Ec,  where  f'c  is  the  average  stress  in  the  concrete 
over  the  arch  ring.    Following  the  same  procedure  as  above, 

TT  fcLn3  I 

2[n52i/2  -  (2?/)2]  ds  K  J 

Mc  =  -?&L  (2) 

M  =  Mc  +  Hc-y  (3) 

The  value  of  fc  to  be  used  above  is  uncertain  as  it  varies  over 
the  length  of  the  arch  ring.  A  more  reliable  result  might  be 
obtained  by  calculating  the  actual  shortening  of  the  arch  ring  by 
summing  up  the  shortening  of  the  segments  using  the  particular 
stress  for  each  segment,  but  this  is  a  refinement  that  is  scarcely 
justified.  Hence,  the  average  stress  is  indicated  in  the  above 
formula. 

Deflection  of  the  Crown. — The  deflection  of  the  crown  due  to 
the  superimposed  loads  may  be  calculated  as  follows :  By  sub- 
stituting the  general  expression  for  moment,  Mc  +  Hcy  + 
Vc-x  +  m,  in  Eq.  (4)  p.  149,  the  deflection  of  the  crown  may  be 
obtained,  thus, 

Ay  =  --—[McZx  +  HcZxy  +  Vc2x*  +  Smx]  (1) 

By  substituting  the  crown  thrust  and  moment  due  to  tempera- 
ture, i.e.,  values  of  Hc  and  Mc,  from  Eqs.  (5)  and  (7),  p.  153, 
in  Eq.  (1)  above,  the  rise  or  the  deflection  of  the  crown  due  to 
temperature  change  results: 

=  cTL  [nsZxy  -  ZxZy] 
V       2     nsSi/2  -  (Sy) 2  K  ' 

In  a  similar  manner  the  deflection  of  the  crown  due  to  shrink- 
age of  the  concrete  would  be 

J       2     ns2y2  -  (Sy) 2  {  } 

The  observations  made  at  Iowa  State  College  cited  above  were 
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used  to  compare  the  actual  movement  in  the  crown  of  the  arches 
investigated  with  the  theoretical  movement,  and  it  was  found  that 
the  actual  depression  of  the  crown  corresponded  within  about  20 
per  cent  of  the  theoretical  but  that  the  actual  rise  of  the  crown 
was  not  more  than  about  one-third  the  theoretical.  This  dis- 
crepancy may  have  resulted  from  a  change  in  the  elastic  prop- 
erties of  the  materials  or  from  a  permanent  settlement  of  the 
foundations.  Obviously,  the  above  calculations  cannot  be  made 
with  great  refinement. 

Determination  of  Maximum  Stresses. — The  maximum  stresses 
that  may  occur  in  an  arch  result  from  the  combination  of  all  of 
the  above  factors,  i.e.,  loads,  temperature  and  rib  shortening,  for 
they  act  independently  and  may  act  simultaneously.  These 
factors  can  all  be  reduced  to  two  actions,  however,  the  moment 
M  and  the  normal  thrust  at  any  section  N;  and  the  maximum 
stress  might  be  obtained  by  the  well  known  equation 

fo  =  N/A  +  Mc/I 

if  the  values  of  N  and  M  were  computed  for  each  section. 

The  position  of  the  live  load  should  be  chosen  so  as  to  give 
the  maximum  stresses  that  may  be  expected  to  be  produced  at  any 
point  under  consideration.  In  the  vast  majority  of  cases,  the 
crown  and  the  springing  line  will  be  the  critical  sections,  i.e.,  the 
stresses  at  these  sections  will  be  the  maximum.  Figure  44 
shows  the  position  of  live  load  to  produce  maximum  moments  at 
the  crown  and  at  the  springing.  In  open  spandrel  arches,  it  is 
sometimes  better  to  determine  the  positions  of  live  load  for 
maximum  moment,  the  most  convenient  method  of  doing  this 
being  by  means  of  influence  lines. 

While  the  computations  might  be  made  as  indicated  above,  the 
process  is  greatly  facilitated  by  means  of  the  graphic  force 
diagram  for  the  arch.  The  equilibrium  polygon  should  be  begun 
at  the  crown,  the  position  of  the  crown  thrust  being  obtained  by 
solving  for  the  moment  arm  of  the  force  producing  the  moment. 
That  is,  the  thrust  will  be  Mc/Hc  above  the  center  of  the  crown 
if  Mc  is  positive  and  below  the  center  if  negative. 

These  methods  will  be  illustrated  presently  by  an  example. 

Dividing  the  Arch  Ring  to  Make  ds/I  Constant. — In  the  pre- 
ceding discussion,  ds  was  at  first  considered  as  an  infinitesimal 
increment  but  for  practical  uses  it  must  be  taken  as  a  finite 
increment.    As  has  been  seen,  the  use  of  the  preceding  formulas 
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is  predicated  on,  or  at  least  facilitated  by,  choosing  the  length  of  ds 
so  as  to  make  ds/I  a  constant  quantity,  although  this  procedure 
is  not  necessary.1  Inasmuch  as  the  thickness  of  the  arch  ring 
usually  increases  toward  the  springing  and  the  I  for  the  section 


increases  as  the  cube  of  the  depth,  it  is  necessary  to  increase  the 
length  of  the  sections  near  the  springing  to  a  considerable 
extent. 

The  most  convenient  method  of  doing  this  is  by  the  graphical 
process  illustrated  in  Fig.  48.  The  half  arch  length  is  developed, 
that  is,  it  is  measured  by  dividers  or  otherwise  and  laid  off  as  a 

1  For  the  procedure  where  ds/I  is  not  made  constant,  see  J.  A  .  L. 
Waddell,  "Bridge  Engineering,"  p.  865. 


158    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


straight  line  A  B.  At  a  number  of  points  along  the  arch,  the 
depths  are  measured  and  the  Fs  computed  for  these  sections. 
These  values  of  I  are  laid  off  at  right  angles  to  AB  and  the  I- 
curve,  XY,  drawn  as  shown.  Beginning  at  the  large  end,  ns 
triangles  are  drawn  with  equal  angles  a,  in  such  a  manner  that 
the  last  side  of  the  last  triangle  comes  even  at  the  end  of  the  axis, 
B.  The  divisions  of  the  axis  AB  are  then  such  that  ds/I,  where  / 
is  for  a  section  at  approximately  the  middle  of  the  segment,  is 
constant. 

A  convenient  mode  of  doing  this  is  to  erect  a  scale  MN  as 
shown  in  (c)  and  fix  a  point  0  at  a  convenient  distance  from  the 
center  C.  By  laying  a  straight  edge  in  successive  positions  OR 
and  OS,  alternating  equal  distances  above  and  below  C,  these 
equal  angles  can  readily  be  constructed  by  means  of  a  triangle 
placed  above  the  straight  edge,  reversing  the  triangle  when  the 
straight  edge  is  below  C.  The  correct  angle  a  can  be  found  in  this 
manner  by  trial. 

Another  method  is  shown  in  (6),  where  the  /-curve  is  laid  off 
both  above  and  below  the  developed  axis,  in  which  case  all 
diagonal  lines  are  drawn  at  the  same  inclination. 

In  a  reinforced  concrete  arch  ring,  the  divisions  should  be  such 
that  ds/I  should  be  constant,  where  I  is  the  moment  of  inertia 
of  the  transformed  section,  or  equal  to  Ic  +  nmIs,  and  this 
quantity  should  be  used  in  plotting  the  diagram  for  finding  the 
arch  divisions. 

Unsymmetrical  Arches. — In  a  series  of  arches,  the  end  spans 
may  be  unsymmetrical  owing  to  the  juncture  of  one  end  with  a 
pier  and  the  other  with  the  abutment.  Unless  the  arch  is  decid- 
edly unsymmetrical,  the  analysis  given  in  the  preceding  pages 
will  suffice,  but  where  the  springing  of  one  end  is  considerably 
lower  than  at  the  other,  or  the  dissymmetry  is  otherwise  marked, 
the  summations  should  be  made  for  the  entire  arch  instead  of  for 
half  of  it  as  before,  the  entire  arch  ring  being  divided  into  segments 
so  that  ds/I  is  constant.  This  situation  may  arise  where  the 
piers  in  the  stream  bed  are  made  high  in  order  to  provide  the 
necessary  waterway. 

Explicit  formulas  for  determining  Hc,  Vc  and  Mc  are  impractic- 
able, recourse  being  had  to  implicit  functions  in  which  the  coeffi- 
cients of  these  terms  can  be  evaluated  by  tabulation  of  known 
quantities,  and  then  these  equations  solved  simultaneously. 
Taking  the  origin  of  coordinates  at  the  section  corresponding  to 
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the  crown,  i.e.,  at  th*e  section  between  the  two  middle  segments, 
the  following  equations  can  be  derived : 

From  Eq.  (1),  (2),  (3),  (4)  and  (5),  p.  150,  using  the  subscripts 
I  and  r  to  indicate  quantities  on  the  left  and  right  respectively, 
the  following  equations  are  derived  for  stresses  at  the  crown  due 
to  loads: 

(Six  -  Zrx)Mc  +  (Zixy  -  ?rxy)Hc  +  2x2Vc  =  2rmx  -  Vimx  (1) 
2yMc  +  2y2Hc  +  (Zixy  -  2,xy)Ve  =  -  2my  (2) 
2nsMc  +  tfc2y  +  (2,z  -  2rx)Fc  =  -  2m  (3) 

Unless  otherwise  indicated,  the  summations  are  for  the  entire 
arch  ring. 

The  corresponding  relations  for  stresses  at  the  crown  due  to 
temperature  changes  are  given  by  the  following  equations: 

(S,x  -  ?rx)Mc  +  (J,ixy  -  ?rxy)Hc  +  Vc2s2=0  (4) 

E  I 

(2#  +  ?ry)Mc  +  Hc2y2  +  (2^  -  2rxy)7c  =  -j-  cTL  (5) 

2nsMc  +  Hc2y  +  (2^  -  2rx)7c  =  0  (6) 

Corresponding  equations  could  be  written  for  crown  stresses 
due  to  shortening  of  the  arch  from  shrinkage  by  using  CSL  instead 
of  cTL  in  the  fifth  equation,  and  equations  for  stresses  resulting 
from  shortening  of  the  arch  rib  due  to  thrust  might  be  written 
in  a  corresponding  manner. 

Problem  1.  Algebraic  and  Graphical  Analysis  of  Stresses  in 
a  Fixed  Masonry  Arch. — The  arch  ring  shown  in  Fig.  49  repre- 
sents a  section  1  ft.  long  of  an  arch  barrel  loaded  so  that  this  1  ft. 
section  is  subjected  to  the  loads  shown.  The  arch  has  a  span  of 
132  ft.  and  a  rise  of  16  ft.  The  thickness  at  the  crown  is  2  ft. 
6  in.  and  at  the  springing,  5  ft.  7^  in.  The  arch  is  reinforced 
with  \y±  in.  square  steel  rods  12  in.  on  centers.  Take  n  as  15. 
The  loads  are  carried  on  spandrel  piers  spaced  (as  shown)  11  ft. 
Wi  in.  apart,  the  live  load  being  added  to  the  dead  loads  on  the 
piers.  The  loads  here  shown  are  vertical,  but  the  procedure 
would  not  differ  radically  if  the  loads  were  inclined. 

The  arch  ring  is  first  divided  so  that  ds/I  is  constant  by  the 
method  previously  explained.  Inasmuch  as  this  is  a  reinforced 
arch,  the  transformed  section  must  be  used  .in  calculating  /,  by 
means  of  the  equation,  It  =  Ic  +  nls. 
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The  data  for  plotting  the  curve  of  It  are  given  in  Table  XI. 


Table  XI. — Calculation  of  It 


Point 

d 

d3 
12 

/  d           1  \ 

0.325(|  -  {) 

ds               /d        1  \ 

f2+  0.325(1  -\) 

Crown 

2.50 

1.302 

0.325 

1.627 

1 

2.55 

1.382 

0.341 

1.723 

2 

2.58 

1.448 

0.352 

1.800 

3 

2.65 

1.550 

0.372 

1.922 

4 

2.71 

1.658 

0.393 

2.051 

5 

2.85 

1.929 

0.450 

2.379 

6 

2.97 

2.183 

0.492 

2.695 

7 

3.31 

3.022 

0.646 

3.668 

8 

3.89 

4.905 

0.928 

5.833 

9 

4.62 

8.218 

1.278 

9.496 

10 

5.62 

14.796 

2.130 

16.926 

The  data  for  the  calculation  of  the  thrust,  shear  and  moment  at 
the  crown  are  given  in  Table  XII. 

To  illustrate  the  method  of  computation  of  the  cantilever 
moments,  m,  the  moment  at  Point  4  is  —  6220  X  15.90  —  10,640 
X  4.78=  -  149,850  Ib.-ft, 

Table  XII. — Calculation  op  Hc,  Vc  and  Mc 


Point 

X 

y 

Xs 

y- 

mi 

mr 

(mi  +  mr)y 

(mT  —  mi)x 

1 

2 

15 

0 

1 

4 

6 

0.01 

-  13,380 

-  13,380 

-  2,680 

0 

2 

6 

65 

0 

2 

44 

2 

0.04 

-  41,400 

-  41,400 

-  16,560 

0 

3 

11 

20 

0 

5 

125 

4 

0.25 

-      69 , 700 

-  69,700 

-        69 , 700 

0 

4 

15 

90 

1 

0 

252 

8 

1.00 

-  149,800 

-  149,800 

-      299 , 600 

0 

5 

20 

90 

1 

7 

436 

8 

2.90 

-  234,100 

-  234,100 

-  797,000 

0 

6 

25 

00 

2 

5 

670 

8 

6.25 

-  358,100 

-  358,100 

-  1,790,500 

0 

7 

31 

40 

3 

7 

985 

9 

13.70 

-  510,500 

-  510,500 

-  3,777,700 

0 

8 

37 

30 

5 

2 

1391 

3 

27.00 

-  715,600 

-  716;800 

-  7,448,500 

-  44,760 

9 

44 

30 

7. 

2 

1,962 

5 

51.80 

-  985,300 

-  988,000 

-14,207,800 

-  119,610 

10 

57 

10 

12 

0 

3,260 

4 

144.00 

-1,645,040 

-1,676,300 

-39,856,100 

-1,784,950 

2 

34 

1 

9, 134 

7 

246.95 

-4,722,920 

-4,758,080 

-68,266,140 

-1,950,520 

Sm  =  Sffli  +  Sm,  =  -9,481,000 

10  X  (-68,266,140)  -  9  481,000  X  34.1 


Mc  = 


2[l,165  —  10  X  246.9] 
-1,950,500 

 =  -  107  lbs. 

2  X  9,134.7 

-9,481,000  +  2  X  137,700  X  34.1 
2  X  10 


=  137,700  lbs. 


4,500  lb.-ft. 


11 
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Substituting  in  equations  (10),  (11),  and  (12),  p.  151,  Hc,  Vc 
and  Mc  are  obtained  as  shown. 

To  calculate  the  moment  at  any  other  point,  the  general 
equation,  M  =  Mc  +  Hcy  ±  Vcx  +  m,  is  used.  For  example, 
the  moment  at  the  right  springing  is  found  as  follows : 

Ms  =  +4,500  +  137,700  X  16  +  107  X  66  -  6,220  X  66  - 
10,640  X  54.88  -  10,820  X  43.76  -  10,980  X  32.64  - 
13,470  X  21.52-16,230  X  10.40   =  -  72,400  lb.-ft. 

The  thrust  at  the  springing  line  is  calculated  by  the  composi- 
tion of  the  crown  thrust  with  the  loads  on  the  right  half  of  the 
arch.    Thus,  V68,3602  +  137,7002  =   154,000  lbs.,  and  this 

137  700 

thrust  makes  an  angle  of  tan-1  co  '         =  63°  37'  with  the 

68,360 

vertical. 

The  graphical  method  of  calculating  the  thrust  and  moment 
at  any  point  is  simple  and  somewhat  more  rapid.  It  is  done  by 
constructing  the  ordinary  force  and  funicular  polygons  as  shown 
in  Fig.  49.  The  load  line  is  laid  off  in  the  usual  manner  and  the 
position  of  the  crown,  C,  indicated.  Where  there  is  a  load  at 
the  crown,  half  of  it  is  considered  borne  by  each  half  of  the  arch. 
The  shear,  Vc,  is  laid  off  from  C,  downward  if  negative  and  up- 
ward if  positive.  The  pole  distance  is  then  laid  off  perpendicu- 
larly equal  to  the  crown  thrust,  Hc,  and  the  rays  of  the  force 
polygon  drawn  in  the  usual  manner,  and  these  give  the  thrusts 
at  the  various  sections.  The  eccentricity  of  the  thrust  can  be 
scaled  between  the  axis  of  the  arch  and  the  string  of  the  funicular 
polygon,  and  this  eccentricity  multiplied  by  the  thrust  at  that 
point  gives  the  moment.  Thus  in  Fig.  49,  the  eccentricity  at 
the  right  springing,  ek,  scaled  —  0.47  ft.,  and  the  thrust  is  154,000 
lbs.,  which  multiplied  together  give  a  moment  of  —72,100  lb.-ft. 

After  the  thrust  and  moment  are  calculated  at  any  point,  the 
unit  stresses  can  be  computed  by  the  -ordinary  principles  of 
mechanics.  Thus  at  the  right  springing,  the  component  of  the 
thrust  normal  to  the  skewback  is  153,700  lbs.,  and  the  stress  at 
the  right  springing  is 

f  -  JVM  4-  Mull  -  153>7Q0  4-  868,800  X  33.75 
U  ~  N/A  +  Mu/It  ~    847.4    +  343,400 
=  265  lbs.  per  square  inch. 

fs  =  nfc  X  glj'yjj  =  2,660  lbs.  per  square  inch. 
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Stresses  Due  to  Temperature  Change. — The  stresses  due  to  a 
change  in  temperature  may  be  found  as  follows,  assuming  a  drop 
of  40°  F. 

EI  cTLns 


t  (I  =  °-382) 


ds    2[ns2y2  -  (2y)2]: 

-      288  000  000  Y0S82y  0-000006  X  40  X  132  X  10 
-  -  288,000,000  X  0.382  X    2[1Q  x  mg  _  (34J)2] 

=  -  13,300  lbs. 

U.  =  -  =  -  -13,300  X  34.1  =  +  45,300  Ib.-ft. 

n  10 

The  moment  at  any  other  point  is  found  by  Mi  =  Mc  +  Hcy. 

Thus,  the  moment  at  the  springing  is  +  45,300  —  13,300  X 
16  =  -  167,500  lb.-ft. 

The  stress  due  to  temperature  would  be  calculated  in  a  manner 
similar  to  that  used  for  calculating  stresses  due  to  loads. 

For  ascertaining  the  positive  moment  at  the  springing,  a  rise 
of  temperature  should  be  considered. 

Stresses  Due  to  Shrinkage  of  Concrete. — The  stresses  due  to 
shrinkage  of  the  concrete  are  obtained  by  using  Eq.  (1),  p.  154. 
Assume  a  coefficient  of  shrinkage  of  reinforced  concrete  with 
about  1.0  per  cent  reinforcement  equal  to  0.0003. 

it  _  El  CsLns 

Hc  ~  ds  '2[nsVy*  -(2t/)2] 

=  -16,700  lbs. 
K  H*  _  _  -16,700  X  84.1  _  lb  .ft 

n  10 
The  moment  at  any  point  is  M  =  Mc  +  Hcy. 
The  moment  at  the  springing  is 

M 8  =  +  57,000  -  16,700  X  16  =  -  210,000  lb.-ft. 
The  stresses  are  calculated  as  before. 

The  stress  due  to  shrinkage  is  very  uncertain  because  much  of 
the  shrinkage  is  accommodated  without  affecting  the  arch  where 
the  arch  is  erected  in  segments,  hence,  some  engineers  neglect 
it  entirely. 

The  coefficient  of  shrinkage  of  concrete  with  about  1.0  percent 
reinforcement  is  about  0.0003,  although  for  plain  concrete  it  is 
about  0.0005. 

#£ress  Due  to  Rib  Shortening  Under  Thrust. — Each  section  of 
the  arch  is  subjected  to  a  compressive  stress,  hence  it  will  be 
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shortened  and  a  crown  tension  and  moment  will  result  as  pre- 
viously explained.  The  amount  of  this  shortening  depends  on 
the  average  unit  stress  in  the  arch  ring.  Assume  this  average 
unit  stress  as  250  lbs.  per  square  inch  (36,000  lb.  per  square  foot), 
and  substitute  in  Eq.  (1),  p.  155. 

TT       _     _J[_  fcLfls 

ds'  2[ns2y2  -  (2?/)2] 
=  _a382  36,000  X  132  X  10  _  _7flmu 

M,  =  --W34.i  _  +24000i  lb  .ft 

The  moment  at  any  point  is  Mc  +  Hcy.  Thus  the  moment 
at  the  springing  is 

M .  =  +  24,000  -  7,030  X  16  =  -  88,500  lb.-ft. 

Problem  2.  Graphical  Method  of  Analysis  by  Influence  Lines. 

The  above  problem  will  now  be  solved  by  the  use  of  influence 
lines,  a  method  which  has  much  to  commend  it  where  a  variety 
of  loadings  is  to  be  considered. 

An  influence  line  or  diagram  represents  the  variation  of 
moment,  shear,  stress,  or  some  other  function  at  any  particular 
point  due  to  the  placing  of  loads  of  unity  at  other  points.  For 
an  exposition  of  the  properties  of  influence  lines,  the  reader  is 
referred  to  various  works  on  structural  engineering,  but  their 
application  to  arches  may  be  readily  understood  from  the  follow- 
ing illustration. 

The  arch  is  laid  out,  and  values  of  Hc,  Vc  and  Mc  are  calculated 
for  a  load  of  unity  placed  at  the  successive  load  points  as  in  the 
preceding  problem.  The  quantities  required  for  these  calcula- 
tions are  shown  in  Table  XIII.  These  computations  are  made 
by  substituting  in  Equations  (10),  (11)  and  (12),  p.  151,  as  in  the 
previous  example. 

For  a  load  at  A,  to  illustrate, 

10(- 1,437)  -  (-252.8)  X  34.1 
2[(34.1)2  -  10  X  246.9] 

v-  -  =  -0  50 

M,  =  _ -252.8 +^2.21X34.1  _  +8JQ  ^ 
The  eccentricity  at  the  crown  =  =  +2.30  ft. 
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Table  XIII. — Calculation  of  Hc,  Vc  and  Mc  fob  Unit  Loads  at 

Vabious  Points 


Load  at  A;  xi 

=  0 

Point 

X 

y 

V 

_ 

mr 

mr-y 

mr-x 

1 

2 

15 

0 

1 

4 

6 

0 

01 

-  2 

2 

-  0.1 

4 

6 

2 

6 

65 

0 

2 

44. 

2 

0 

04 

6 

6 

0.7 

44 

2 

3 

11 

20 

0 

5 

125 

4 

0 

25 

11 

2 

2.8 

125 

4 

4 

15 

90 

1 

0 

252 

8 

1 

00 

15 

9 

7.9 

252 

8 

5 

20 

90 

1 

7 

436 

8 

2 

90 

20 

9 

17.8 

436 

8 

6 

25 

90 

•  2 

5 

670 

8 

6 

25 

25 

4 

32.4 

670 

8 

7 

31 

40 

3 

7 

985 

9 

13 

70 

31 

4 

58. 1 

985 

9 

8 

37 

30 

5 

2 

1,391 

3 

27 

00 

37 

3 

96.9 

1,391 

3 

9 

44 

30 

7 

2 

1,962 

5 

51 

80 

44 

3 

159.4 

1,962 

5 

10 

57 

10 

12 

0 

3,260 

4 

144 

00 

57 

1 

342.6 

3,260 

4 

2 

34 

1 

9,134 

7 

246 

95 

-252.8 

-718.7 

-9,134 

7 

Load  at  B;  xi 

11.12 

Load  at  C;  xi 

=  22.24 

Point 

mr 

m,-y 

mr'X 

rrwy 

mr'X 

4 

-  4 

8 

4 

8 

76.3 

5 

9 

8 

16 

6 

209.0 

6 

14 

8 

37 

0 

384.0 

-  3 

7 

-  9 

2 

95 

0 

7 

20 

3 

75 

1 

637.0 

9 

2 

33 

9 

288 

0 

8 

26 

2 

136 

2 

977.0 

15 

1 

78 

1 

560 

0 

9 

33 

2 

240 

0 

1,470.0 

22 

1 

159 

0 

980 

0 

10 

46 

0 

552 

0 

2,630.0 

39 

4 

419 

0 

1,990 

0 

Z 

-155 

.  1 

-1,061 

7 

-6,378.0 

-84 

9 

-699 

2 

-3,913 

0 

Load  at  D;  xi  =  33.36 

Load  at  E;  xi  =  44.48 

mr 

mTy 

mT'x 

mr 

mr-y 

mT'x 

8 
9 
10 

-  3.9 
10.9 
23.7 

-  20.3 
78.5 
284.0 

-  145.0 
483.0 
1,353.0 

-12.6 

-152.0 

-721.0 

2 

-38.5 

-382.8 

-1,981.0 

-12.6 

-152.0 

-721.0 

Load  at  F;  xi  =  55.60 

mr 

m,-y 

rrir'X 

10 

-1.5 

-18.0 

-85.6 

166 
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In  a  similar  manner,  Hc,  Vc,  Mc  and  e  are  calculated  and  tabu- 
lated below. 


Unit  load  at 

He 

Vc 

M 

e 

A 

2.21 

-0.50 

-5.10 

-2.30 

B 

2.02 

-0.35 

-0.87 

-0.43 

C 

1.57 

-0.21 

-1.10 

-0.70 

D 

0.96 

-0.11 

-1.34 

-1.40 

E 

0.42 

-0.04 

-0.80 

-1.90 

F 

0.05 

-0.0049 

-0.096 

-1.94 

After  the  crown  thrusts,  shears,  moments,  and  the  eccentrici- 
ties of  the  thrusts  have  been  computed,  the  force  polygons  are 
constructed  on  a  unit  load  line  as  shown,  Fig.  50.  The  various 
shears  are  laid  off  from  the  bottom,  the  pole  distances  laid  off 
equal  to  Hc  for  each  case,  and  the  rays  of  the  force  polygon  drawn. 
The  eccentricities  are  measured  up  (or  down  where  negative) 
from  the  middle  of  the  crown  and  the  two  thrust  lines  of  the 
equilibrium  polygon  drawn  parallel  to  the  corresponding  rays  of 
the  force  polygon. 

To  find  the  thrust  and  moment  at  the  right  springing  for  the 
loading  shown,  calculate  these  functions  for  unit  loads  in  these 
positions  and  then  multiply  these  functions  for  unit  loads  by  the 
actual  loads  and  the  total  sum  is  the  function  desired  for  the 
given  loading.  The  thrust  normal  to  the  section  is  obtained 
by  resolving  the  resulting  thrust  into  the  normal  and  parallel 
components,  the  latter  representing  the  shear  at  the  point. 
The  manner  of  performing  the  operation  is  indicated  in 
Table  XIV. 

If  the  moments  at  the  crown  and  at  the  springing  are  plotted 
as  ordinates  from  an  axis,  the  resulting  figure  is  an  influence 
diagram  which  shows  the  variations  of  the  moment  as  a  unit 
load  moves  across  the  bridge.  Figure  50  (a)  shows  such  a  diagram 
for  moments  at  the  crown  and  Fig.  50  (6)  shows  a  similar  diagram 
for  moments  at  the  springing.  Similar  diagrams  could  be  plotted 
for  shears  and  for  thrusts  due  to  unit  loads  on  the  arch.  These 
diagrams  may  be  used  for  any  similar  arch  and  their  use  will 
be  referred  to  again  presently. 
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Table  XIV. — Moments  and  Thrusts  at  the  Right  Springing 


For  unit  loads 

For  loads  given 

±LiCC. 

Point 

Hist. 

Normal 

e 

Thrust 

com- 

Moment 

Loads 

Thrust 

+moments 

—moments 

A 

+  3 

25 

2 

25 

2.20 

+  7 

32 

12,440 

27 , 300 

91,000 

B 

+  0 

50 

2 

12 

2. 10 

+  1 

06 

10,640 

22 , 600 

11,300 

C 

-  3 

25 

1 

75 

1.75 

-  5 

70 

10,820 

18,800 

61,700 

D 

-  8 

90 

1 

30 

1.25 

-11 

57 

10,980 

13,700 

127 , 100 

E 

-12 

40 

1 

05 

0.79 

-13 

00 

13,470 

10,700 

175,000 

F 

-  9 

45 

1 

00 

0.48 

-  9 

45 

16,230 

7,800 

153,300 

B' 

+  5 

20 

2 

05 

1.95 

+  10 

64 

10,640 

20 , 800 

113,000 

C 

+  6 

20 

1 

56 

1.50 

+  9 

67 

10 , 820 

16,400 

104 , 600 

D' 

+  7 

30 

0 

97 

0.91 

+  7 

08 

10,800 

9,700 

76 , 500 

E' 

+  8 

55 

0 

42 

0.39 

+  3 

59 

11,720 

4,600 

42,100 

F' 

+  9 

15 

0 

05 

0.05 

+  0 

45 

13,830 

700 

6,200 

2 

153,100 

+444 , 700 

-517,100 

Ma  =  +444,700  -  517,100  =  -72,400  lb.-ft. 
This  quantity  cheeks  with  that  previously  obtained  by  other  methods. 


Problem  3.  Analysis  of  an  Unsymmetrical  Arch. — The  follow- 
ing problem1  illustrates  the  application  of  the  preceding  method 
to  an  unsymmetrical  arch.  The  stresses  in  the  bridge  were  figured 
for  dead  loads  only  and  for  a  temperature  variation  of  40°  F.  each 
way  from  the  temperature  of  no  stress.  The  arch  is  a  spandrel 
filled  bridge  and  the  loads  were  considered  as  concentrated  at 
2-ft.  intervals  on  the  right  and  at  2^-ft.  intervals  on  the  left. 

The  arch  has  a  span  of  45  ft.,  a  crown  depth  of  9  in.  and  a  depth 
at  the  springing  of  18  in.  The  reinforcement  consists  of  %-in. 
round  bars  spaced  12  in.  centers,  some  of  which  were  bent  up  as 
shown. 

The  quantities  for  calculating  Hc,  Vc  and  Mc  are  given  in 
Table  XV. 

Substituting  in  Eqs.  (1),  (2),  and  (3)  from  p.  159 
(2,3  -?rx)Mc  +  (Zixy  -  Zrxy)Hc  +  (2z2)yc  =  2mrz  - 

2mix  (4) 

(2y)Me  +  W)Ho  +  (Sixy  -  Vrxy)Vc  =  -  Xmy  (5) 
2nsMc  +  HeSy  +  (2,3  +  2rz)Fc  =  -  2m  (6) 
8.12MC  +  94.05#c  +  1,620.08FC  =  1,128,703  (7) 
21.23MC  +  69.52#c  +  94.05 Vc  =    928,984  (8) 
1Q-Me  +  21.23ffc  +  812.0FC  =  270,887  (9) 
1  Iowa  State  College,  Eng.  Exp.  Sta.,  Bull.  30. 
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Whence, 

Hc  =  13,992  lbs. 
Vc  =  - 108  lbs. 
Mc  =  -1,580  lb.-ft. 


Substituting  in  Eqs.  (4),  (5),  and  (6)  p.  159,  the  thrust,  shear 
and  moment  at  the  crown  due  to  temperature  drop  of  40°  may 
be  computed. 


8.12MC  +  94.05#c  +  1620.087c  =  0 
21.23MC  +  69.52#c  +   94.05FC   =  92,783 
16MC  +  21.23#c  +    8.127c    =  0 
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Whence 

Hc  =  2,504  lbs. 
Vc  =  -129  lbs. 
Mc  =  -3,257  lb.-ft. 
The  thrust,  shear  and  moment  at  any  other  point  due  to  tem- 
perature change  may  be  found  by  the  procedure  previously 
explained,  either  graphically  with  the  force  and  funicular  poly- 
gons or  algebraically  by  composition  of  forces  and  by  the  general 
moment  equation 

M  =  Mc  +  Hcy  ±  Vcx  +  m 

Influence  Diagrams  for  Thrusts,  Shears  and  Moments  at 
Crown  and  Springing. — The  diagrams  of  Figs.  52-63  prepared 
by  Victor  H.  Cochrane,1  are  influence  diagrams  for  thrusts, 
shears,  and  moments  at  the  crown  and  at  the  springing  for  both 
open  spandrel  and  filled  spandrel  arches  of  the  types  indicated. 

Types  A  i.5,  A2.o,  etc.  mean  arches  having  a  thickness  at  the 
springing  1.5,  2.0,  etc.,  times  the  crown  thickness,  and  kl  is  the 
distance  from  the  left  springing  to  the  position  of  the  unit  load. 

These  diagrams  give  approximate  values  of  these  functions  at 
the  crown  and  springing  for  a  unit  load  at  any  point  on  the  arch 
and  are  applicable  to  any  arch  whose  axis  follows  the  equilibrium 
polygon  for  the  dead  load  plus  half  the  live  load. 

The  manner  of  using  these  diagrams  is  obvious.  With  the 
type  of  arch  selected  or  given,  i.e.,  the  relative  thickness  at  spring- 
ing and  at  crown,  the  values  of  thrust  shear  and  moment  at  the 
crown  and  springing  are  taken  from  the  appropriate  diagram  for 
unit  loads  at  the  various  loading  points  and  then  the  correspond- 
ing thrusts,  shears,  and  moments  computed  for  the  given  loads  at 
these  points  by  direct  multiplication. 

Determining  Maximum  Stresses. — By  the  methods  previously 
explained,  the  stresses  due  to  loads  under  the  various  conditions, 
to  temperature  change,  to  shrinkage  and  to  arch  shortening  under 
thrust  can  be  computed.  It  is  then  necessary  to  select  such 
practical  combinations  of  these  stresses  as  will  produce  the  maxi- 
mum total  stress.  The  maximum  stress  due  to  loads  will  occur 
near  the  point  of  maximum  moment  usually,  although  not  at  that 
point  in  general. 

The  maximum  stress  should  be  determined  at  three  points, 
viz.,  the  crown,  the  haunch  and  the  springing,  although  usually 

1  Proc.  Eng.  Soc,  of  W.  Pa.,  vol.  32,  p.  672,  ft. 
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spandrel  arch,  type  A2.5. 
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Fig.  55. — Influence  lines  for  moments  and  thrusts  at  springing;  open  spandrel 

arch,  type  Ai.6. 
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Fig.  56. — Influence  lines  for  moments  and  thrusts  at  springing;  open  spandrel 

arch,  type  A2.o- 


178    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


0  W  0.?0  0.30  Q40  0.50 

Va/ues  of  Gaf/o  A 

Fig.  58. — Influence  lines  for  moments,  thrusts  and  shears  at  crown;  filled 
spandrel  arch,  type  A2.o- 
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Fig.  59. — Influence  lines  for  moments,  thrusts  and  shears  at  crown;  filled  span- 
drel arch,  type  A2.e- 
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0  0/0  QZO  030  040  050 

Fig.  60. — Influence  lines  for  moments,  thrusts  and  shears  at  crown;  filled 
spandrel  arch,  type  A3.0. 


Fig.  61. — Influence  lines  for  moments  and  thrusts  at  springing;  filled  spandrel 

arch,  type  A2.o- 
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Fig.  62. — Influence  lines  for  moments  and  thrusts  at  springing;  filled  spandrel 

arch,  type  A2.6- 
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Fig.  63. — Influence  lines  for  moments  and  thrusts  at  springing;  filled  spandrel 

arch,  type  A3.0. 
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the  determination  of  the  maximum  stresses  at  the  crown  and  at 
the  springing  will  suffice. 

Figure  44  shows  the  positions  of  the  live  load  that  usually  give 
the  maximum  stresses  at  the  crown  and  at  the  springing.  How- 
ever, by  means  of  influence  diagrams,  the  exact  loading  which  will 
produce  the  maximum  stress  at  any  point  can  readily  be 
determined. 

Arch  Bridges  with  Elastic  Piers. — Where  arch  bridges  of 
several  spans  are  supported  by  relatively  thin  piers  (less  than  2}4 
or  3  times  the  thickness  of  the  arch  ring  at  the  springing)  and  the 
arches  firmly  tied  to  the  piers,  the  elasticity  of  the  piers  should  be 
taken  into  consideration  in  calculating  the  stresses  in  the  arches. 
In  this  type  of  construction,  the  piers  contain  less  concrete  and  at 
the  same  time  provide  greater  waterway  for  any  given  pier  spac- 
ing. Although  some  additional  concrete  may  be  required  in  the 
arches  to  provide  for  the  stresses  resulting  from  elasticity  of  the 
piers,  yet  on  the  whole,  if  the  piers  are  high,  there  will  be  an  econ- 
omy of  construction.  Arches  with  thin  elastic  piers  have  been 
used  to  a  considerable  extent  within  recent  years  and  they  offer 
some  advantages  where  a  considerable  height  of  waterway  or 
other  space  is  required  beneath  the  arches. 

Where  the  piers  are  extremely  thin  and  the  arches  of  very  low 
rise  ratio,  the  arches  become  little  more  than  continuous  beams 
supported  at  the  piers,  but  where  the  rise  is  considerable  and  the 
reinforcement  properly  placed  over  the  pier,  an  economy  of  design 
may  be  effected.  This  type  is  illustrated  in  the  North  Howard  St. 
Bridge1  across  Cuyahoga  River  at  Akron,  Ohio.    See  Fig.  64. 

The  bridge  is  781  ft.  9  in.  long,  made  up  of  five  main  arch  spans 
127  ft.  center  to  center  of  piers  and  an  approach  at  each  end,  of 
column  and  girder  construction.  It  is  190  ft.  high  from  bed  of 
stream  to  grade. 

In  the  case  of  two  adjacent  spans  on  a  slender  elastic  pier,  so 
long  as  the  two  spans  are  symmetrically  loaded,  the  conditions 
of  fixed  ends  obtain.  When,  however,  a  live  load  is  placed  on  one 
span  and  not  on  the  other,  the  horizontal  thrust  at  the  pier  for  the 
one  becomes  greater  than  the  corresponding  thrust  from  the 
other,  and  this  disparity  of  horizontal  thrust  increases  with  the 
disparity  of  the  loadings. 

While  a  rigorous  analysis  is  rather  arduous  and  complicated, 
since  the  stresses  in  each  arch  are  affected  by  the  loads  and  stresses 

1  Engineering  News,  Oct.  21,  1915, 
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of  all  the  others,  an  approximate  solution  of  simple  application 
suffices  for  all  ordinary  cases.1 

The  pier  is  essentially  a  cantilever  subjected  to  a  horizontal 
thrust  at  the  top  equal  to  the  difference  between  the  horizontal 


Arch  with  thin  piers  at  Akron,  Ohio. 


components  of  the  thrusts  Ti  and  Tr,  which  is  approximately  the 
same  as  the  difference  between  the  crown  thrusts  for  all  ordinary 
cases.  Thus  in  Fig.  65,  if  a  live  load  is  placed  on  the  middle  span, 
the  piers  are  deflected  as  shown,  increasing  the  crown  thrusts  and 
the  negative  moments  (numerically)  in  the  outer  spans  and 


 iiiiiiiii 


Fig.  65. — Deformation  of  arches  with  elastic  piers. 

increasing  the  positive  moments  in  the  middle  span  and  decreasing 
the  negative  moments  (numerically).  The  vertical  movement  as 
well  as  the  angular  deflection  of  the  skewback  are  small  and  are 
neglected  in  this  approximate  analysis. 

The  deflection  of  the  top  of  the  pier  is  then 

Ax  =  (H'e  -  He)  (1) 


1  J.  Melan, 
Steinman),  p.  8 


3ECIP 

"Plain  and  Reinforced  Concrete  Arches' 


(Tr.  by  D.  B. 
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where  H'c  and  Hc  represent  the  thrusts  of  the  loaded  and  the  un- 
loaded spans  respectively  calculated  in  "the  ordinary  manner  for 
fixed  arches;  h,  the  height  of  pier  above  fixed  base,  Ip  the  moment 
of  inertia  of  the  pier  cross  section.  Substituting  the  values  of 
H/  and  Hc  from  p.  151,  the  horizontal  movement  of  the  top  of  the 
pier  would  be  approximately, 

_  TnWm'y'  -  2m'2y'  _  n,Zmy  -  ZmSyi  h3  _  ,  , 
AX  ~  L2[(2y')2  -  n.2y'*I       2[(2?/)2  -  n.2y*]l  SEJP  K  } 

where  u  equals  this  horizontal  movement  of  the  top  of  the  pier, 
n'„  m!  and  y'  refer  to  the  loaded  span,  and  n,  m  and  y,  to  the 
unloaded  span.  As  in  the  case  of  temperature  change,  the  result- 
ing increment  of  crown  thrust  would  be  due  to  this  movement. 

EI 

AH"  =  dS  U  (3) 

A/1  c       2[ns2y2  -  (2?/)2] 

This  quantity  would  be  added  to  the  crown  thrust  of  the  unloaded 
span  and  subtracted  from  that  of  the  loaded  span. 

An  average  value  of  Ip,  the  moment  of  inertia  of  the  pier  section, 
should  be  selected,  as  the  relative  precision  of  the  method  does  not 
justify  the  use  of  a  variable  Iv. 

For  symmetrical  arches,  the  crown  thrust  due  to  loads  would  be 
approximately 

x,  EI 

n^my  -  2m2y  -  ^  u  ^  ^  loaded  ^  (4) 

Hc  ~         2[(2y)2  -  ns2y2] 
and 

=  n^my  ~  *mXy  +te'U  for  the  unloaded  span.  (5) 
Hc  2[(2y)2  -  n.2?/2] 

Obviously  for  the  conditions  assumed,  i.e.,  for  no  change  in 
the  vertical  position  nor  in  the  inclination  of  the  skewback,  the 
value  of  Vc  would  not  change  with  a  small  horizontal  movement  of 
the  top  of  pier.  The  maximum  effect  will  be  for  the  condition  of 
loading  which  produces  the  maximum  difference  in  the  crown 
thrusts  when  calculated  as  for  fixed  abutments.  No  change 
would  be  made  in  the  formulas  (9),  (14)  and  (15)  for  moments 
except  that  the  values  of  Hc  would  be  used  as  obtained  from  for- 
mulas (4)  and  (5)  above. 

Several  methods  of  securing  a  rigorous  analysis  of  the  stresses 
in  arches  with  elastic  piers  have  been  proposed,  but  they  are  all 
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too  long  and  complicated  to  be  intelligibly  presented  in  the 
space  available  in  the  present  text.1 

Other  Theories  of  Arch  Analysis. — The  elastic  theory  as 
given  in  the  preceding  pages  has  become  practically  the  standard 
theory  of  arch  analysis  for  calculating  stresses  in  arches,  although 
many  other  methods  have  been  proposed.  The  method  by  the 
Ellipse  of  Elasticity  devised  by  Professor  J.  Melan,  as  mentioned 
in  the  preceding  article,  is  readily  applied  to  any  arch,  and  the 
method  by  least  work  as  presented  by  Professor  C.  M.  Spofford 
in  his  "Theory  of  Structures,"  while  approximate  in  its  results, 
has  much  to  commend  it.  Most  of  the  older  theories  and 
methods,  such  as  Moseley's,  Winkler's,  Schemer's,  Rankine's 
and  others  were  based  on  the  conception  of  a  voussoir  arch  and 
may  be  classed  as  "line  of  thrust"  theories,  since  they  were 
concerned  chiefly  with  locating  the  line  of  thrust.    At  best  they 


Fig.  66. — Monessen  viaduct,  showing  spandrel  piers. 


are  very  indefinite  and  unsatisfactory,  most  of  them  being  based 
on  hypotheses  which  were  more  or  less  conjectural.  A  brief 
presentation  of  several  of  these  older  theories,  may  be  found  in 
"Treatise  on  Masonry  Construction"  by  Professor  Ira  O. 
Baker,  but  it  is  scarcely  within  the  province  of  the  present 
discussion  to  review  them  in  this  connection. 

Design  of  Spandrels. — In  a  filled  spandrel  arch,  the  spandrel 
walls  must  be  designed  as  retaining  walls.  These  are  usually 
of  gravity  type,  if  not  too  high,  or  of  counterfort  and  curtain 
wall  type  if  so  high  that  the  gravity  walls  would  bring  undue  load 
upon  the  arch.    High  gravity  walls  cause  an  appreciable  increase 

1  Two  of  these  may  be  referred  to  for  those  readers  who  desire  a  more 
extended  treatment:  J.  Melan,  "Plain  and  Reinforced  Concrete  Arches" 
(tr.  by  D.  B.  Steinman),  p.  71  ff.;  Article  by  A.  C.  Janni,  Proc.  W.  Soc.  of 
Engineers,  May,  1913. 
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in  the  dead  load  coming  on  the  arch,  and  any  type  of  wall  intro- 
duces transverse  moment  in  the  arch  ring.    See  Chap.  VII. 
In  open  spandrel  construction,  two  types  are  to  be  found,  (1) 


r 


Fig.  67. — Vermillion  River  bridge  showing  spandrel  arches. 


pier  and  girder  carrying  the  roadway  slab,  and  (2)  spandrel 
arches  carrying  the  roadway  slab.  The  former  is  illustrated  in  the 
Monessen,  Pa.,  viaduct,1  a  150-ft.  span  in  a  residential  district  of  a 


Fig.  68. — Brighton  viaduct,  Cleveland. 


city.    This  affords  very  pleasing  lines  (Fig.  66).    The  latter  type 
is  illustrated  in  the  Vermillion  River  bridge  of  the  C.  C.  C.  &  St. 
L.  R.  R.  shown  in  Fig.  67.    Sometimes  the  latter  type  is  simu- 
1  Engineering  Record,  Sept.  5,  1914. 
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lated  by  building  the  transverse  spandrel  walls  and  slabs  with 
curved  fillets  which  thereby  are  made  to  appear  as  arches,  as 
in  the  Brighton  Viaduct  at  Cleveland.1  Fig.  68.  Spandrel 
arches  should  be  designed  as  arches  with  elastic  piers  generally, 
but  the  unmodified  elastic  theory  is  often  used  for  this  purpose 
with  apparently  satisfactory  results.  For  the  design  of  slabs 
and  thin  piers  see  Chap.  IX. 

Expansion  and  contraction  joints  must  be  provided  in  spandrel 
side  walls  and  in  spandrel  arches  and  trestles.  For  short  spans, 
expansion  joints  over  the  springing  lines  of  the  arches  will  suffice, 
but  for  long  spans,  expansion  joints  should  be  provided  about 
every  50  ft.  Where  a  rigid  pavement  rests  on  the  roadway, 
expansion  joints  in  the  pavement  must  also  be  provided  at  the 
same  sections.  Details  of  an  expansion  joint  are  shown  in  Fig. 
68. 

Effect  of  Method  of  Construction  on  Design. — In  the  construc- 
tion of  arches,  care  must  be  exercised  (a)  in  order  that  unusual 
strains  may  not  come  upon  the  arch  while  the  masonry  is  yet 
green,  (b)  to  prevent  unsymmetrical  loading  of  the  arch  centers 
(forms)  thereby  causing  deformation  of  the  latter,  and  (c)  to 
bring  the  construction  joints  in  the  most  advantageous  places. 
The  abutments  and  piers  are  usually  poured  somewhat 
above  the  springing  line  leaving  a  construction  joint  at  the 
skewback. 

Two  methods  of  construction  are  in  common  use.  (1)  In 
short  arch  spans,  the  arch  rib  is  poured  in  ribs  3  to  5  ft.  wide 
extending  across  the  entire  span  in  order  that  the  entire  rib  may 
be  poured  continuously.  J  The  arch  is  carried  up  from  the  spring- 
ing lines  simultaneously  in  order  that  the  loads  on  the  arch  centers 
may  be  symmetrical.  If  the  centering  is  of  the  ordinary  timber 
or  steel  type,  it  may  be  desirable  to  place  a  temporary  load  at  the 
crown  in  order  to  prevent  the  latter  from  rising  due  to  the  loads  on 
the  haunches. 

(2)  The  other  mode  of  constructing  arches  is  commonly  used 
for  long  spans,  60  ft.  or  longer.  It  consists  in  pouring  segments 
or  blocks  symmetrically  placed  over  the  forms  in  such  a  manner 
that  the  arch  centers  may  not  be  distorted,  construction  joints 
being  placed  at  the  ends  of  these  sections  normal  to  the  arch  ring. 
A  method  used  in  the  Delaware  River  viaduct  of  the  D.  L.  & 
W.  R.  R.  is  shown  in  Fig.  69  (a),  while  another  scheme  is  indi- 

1  Engineering  News,  Sept.  9,  1915. 
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cated  in  (b).  Construction  joints  not  normal  to  the  arch  ring 
should  be  avoided  because  the  thrust  in  the  arch  ring  under 
load  might  cause  shearing  along  an  oblique  construction  joint. 

In  designing  an  arch  ring,  it  is  necessary  to  keep  in  mind,  there- 
fore, the  proposed  method  of  erection  in  order  that  features  may 
not  be  introduced  in  the  design  that  will  be  incompatible  with 
the  construction. 


(b) 

Fig.  69. — Order  of  placing  masonry  in  arch  rings. 


Some  engineers  follow  the  practice  of  leaving  the  arch  hinged 
at  the  springing  lines  and  at  the  crown  during  construction  and 
while  the  concrete  is  hardening  and  then  filling  the  hinges  with 
concrete  after  the  dead  load  is  entirely  on  the  bridge  and  shrink- 
age is  practically  complete.  This  procedure  is  followed  with  a 
view  to  obviating  stresses  due  to  flexure  under  dead  load  and  to 
shrinkage  of  the  arch  rib,  as  well  as  those  that  might  result  from 
yielding  of  arch  centers,  although  the  efficacy  of  the  method  has 
not  been  established. 

Abutments  and  Piers. — The  design  of  abutments  for  arch 
bridges  does  not  differ  fundamentally  from  the  design  of  any 
bridge  abutment.    See  Chap.  VIII.    An  abutment  for  an  arch 
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bridge  is  subject  to  the  following  forces  for  both  dead  load  and 
live  load  conditions:  (1)  the  reaction  of  the  arch,  (2)  its  own 
weight,  (3)  the  weight  of  the  earth  fill,  the  roadway,  etc.  above 
the  abutment,  (4)  the  pressure  of  the  earth  back  of  the  abutment, 
and  (5)  the  reaction  of  the  foundation.  A  typical  analysis  of 
an  arch  bridge  abutment  is  indicated  in  Fig.  70.  An  arch 
abutment  should  be  investigated  for  the  three  conditions  of 
loading,  viz.,  (a)  dead  load  plus  live  load  on  the  half  span 


opposite  the  abutment,  (b)  dead  and  live  load  over  the  entire 
span,  and  (c)  dead  load  plus  live  load  on  the  half  span  adjacent 
to  the  abutment.  Ti  is  the  resultant  for  condition  (a),  T2  for 
condition  (b)  and  T3  for  condition  (c).  E  is  the  earth  pressure 
and  W  is  the  total  vertical  load  including  the  weight  of  the 
abutment  and  the  superimposed  loads. 

Piers  for  arch  bridges  should  be  designed  to  be  stable  for 
erecting  conditions  when  one  span  is  in  place  and  the  adjacent 
span  missing.  Otherwise  piers  for  arches  do  not  differ  funda- 
mentally from  piers  for  truss  bridges.  The  reinforcement  from 
the  arch  ring  should  extend  sufficiently  into  the  pier  to  develop 
adequate  bond  strength. 


Fig.  70. — Forces  acting  on  an  arch  abutment. 
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Piers  of  special  massiveness,  sometimes  called  "abutment 
piers,"  are  placed  by  some  engineers  at  every  fourth  or  fifth 
span  to  give  stability  in  the  event  that  one  arch  span  should 
fail. 

The  General  Form  of  Arch. — The  arch  ring  for  fixed  arch 
bridges  may  take  one  of  three  forms,  viz.,  (a)  it  may  be  a  cylin- 
drical barrel,  (b)  it  may  consist  of  two  or  more  ribs,  or  (c)  it  may 
consist  of  ribs  serving  as  trusses  with  the  floor  hung  thereform. 

The  cylindrical  form  of  arch  is  perhaps  most  common  and  is 
illustrated  in  Vermillion  River  bridge,  Fig.  67.  For  a  com- 
paratively narrow  roadway,  this  form  is  the  most  economical,  al- 
though with  reinforced  concrete  as  the  material  of  construction, 


Fig.  71. — Rainbow  arch  at  Carmi,  Illinois. 

there  is  usually  an  excess  of  strength  over  that  actually  required 
when  the  minimum  practical  thickness  of  arch  ring  is  used. 

The  separation  of  the  arch  ring  into  ribs  is  economical  usually 
for  a  wide  roadway  with  a  long  span  and  having  areas  of  con- 
centrated loads,  as  for  example,  under  a  railroad  consisting  of 
several  tracks,  when  a  rib  can  be  placed  under  each  track.  Sepa- 
ration into  ribs  effects  a  considerable  saving  of  material  and 
weight  under  such  circumstances.  This  type  of  construction 
is  illustrated  in  Saskatchewan  River  bridge,  Fig.  76. 

When  the  waterway  required  necessitates  a  high  bridge  and 
the  position  of  the  roadway  cannot  readily  be  elevated,  the  so- 
called  "rainbow  arch,"  or  through  arch  has  been  used  toad- 
vantage.  This  type  of  bridge  is  illustrated  in  the  Carmi,  Illinois 
bridge,  Fig.  71. 1 

The  Carmi  bridge  has  three  arch  spans  of  90  ft.  between  piers, 
with  a  rise  of  18  ft.  and  a  radius  of  65  ft.  3  in.  on  the  under  side. 

1  Engineering  News,  Feb.  5,  1917. 


MASONRY  ARCHES 


193 


It  has  an  18-ft.  roadway  and  6-ft.  sidewalk  between  the  arches. 
The  bridge  is  high,  with  its  deck  43  ft.  above  the  bed  of  the 
stream.  The  Little  Wabash  River  is  subject  to  very  sudden 
rises,  the  water  level  rising  sometimes  40  ft.  in  three  days  after  a 
heavy  rain.  The  rainbow  type  of  through-arch  span  is  of 
particular  advantage  under  such  conditions,  as  it  gives  a  maxi- 
mum clearance  for  the  waterway  and  does  not  cause  such  ob- 
struction (to  drift  and  water)  as  would  be  caused  by  a  deck-arch 
span.    This  bridge  was  built  in  1916  and  cost  about  $21,960. 

Aesthetic  Treatment  of  Arch  Bridges. — The  masonry  arch, 
properly  designed,  has  probably  the  most  pleasing  appearance  of 
all  engineering  structures.  However  care  must  be  exercised  in 
order  to  secure  the  maximum  of  beauty,  otherwise  an  inherently 
beautiful  structure  may  be  rendered  unsightly  by  unskilled 
treatment.  Some  of  the  most  frequent  violations  of  good  aes- 
thetic design  in  arches  may  be  briefly  mentioned. 

1.  Lack  of  Harmony  with  Surroundings. — In  the  first  place,  an 
arch  should  be  built  only  on  a  site  suited  to  this  type  of  con- 
struction. An  arch  is  adapted  to  a  stream  with  steep  banks  but 
appears  artificial  if  abutments  and  high  fills  must  be  built  above 
flat  shores.  Thus  an  arch  is  admirably  suited  to  a  canyon  or  the 
Royal  Gorge,  but  an  arch  bridge  springing  from  the  level  shores 
of  the  East  River,  New  York,  would  seem  unnatural  and  labored. 
In  the  second  place,  the  type  of  arch  and  details  should  be  in 
harmony  with  the  surroundings.  Between  the  massive  rock 
walls  of  a  Colorado  canyon  a  massive  arch  is  in  keeping,  while 
across  a  wide  ravine  in  level  territory,  a  more  slender  type  of 
structure  with  more  graceful  details  would  be  preferable. 

An  arch  should  seem  to  spring  from  the  ground,  hence  an  arch 
with  low  rise  ratio  giving  the  impression  of  ruggedness  fits 
admirably  into  the  landscape  of  a  mountain  stream  bridge, 
while  a  slender  graceful  arch  with  a  large  rise  ratio  is  more 
suitable  for  crossing  a  comparatively  shallow  ravine  as  in  the 
Arroyo-Seco  viaduct  at  Pasdena,  Cal.,  Fig.  72. 1  However, 
the  abutments  should  not  be  lacking  in  any  case  but  should  be 
fully  in  sight,  otherwise  the  question  of  adequate  support  will 
naturally  rise  to  the  mind  as  one  views  the  bridge. 

2.  Lack  of  Symmetry. — This  fault  may  arise  from  a  lack  of 
symmetry  of  the  spans  in  the  case  of  a  series  of  arches  or  from 

1  Courtesy  of  Harrington,  Howard  &  Ash,  Consulting  Engineers,  Kansas 
City,  Mo. 
13 
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dissimilar  abutments  in  the  case  of  a  single  span.  The  30-ft. 
arch  over  the  Little  Eagle  River  at  Agusta,  Ind.,  Fig.  73, 
illustrates  the  lack  of  symmetry  in  abutments. 


Fig.  72. — Arroyo  Seco  bridge  at  Pasadena,  California. 


3.  Disparity  of  Rise  Ratios,  such  as  joining  a  full  centered  arch 
with  segmental  or  elliptical  arches  in  the  same  series.  This  fault 
arises  most  frequently  from  joining  approach  spans  of  one  type 
to  a  main  span  of  quite  another  type. 

4.  Combining  Arch  Spans  with  Girder  Approaches  usually 
produces  unsatisfactory  results. 


Fig.  73. — Little  Eagle  River  bridge. 


5.  Lack  of  Harmony  in  Details. — Small  and  insignificant  railing, 
coping  or  other  detail  is  placed  on  a  massive  arch,  or  heavy 
details  are  placed  on  a  slender  arch.  Massive  details  should 
accompany  a  massive  main  arch  and  light  details  should  be 
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used  with  a  light  arch.  The  Tunkhannock  viaduct  of  the 
D.  L.  &  W.  R.  R.,  Fig.  74,  is  an  example  of  a  structure  that  is 
massive  throughout. 

6.  Poor  Proportions. — An  arch  may  be  made  to  look  clumsy 
and  awkward  by  a  lack  of  good  proportioning  and  no  amount  of 
ornamentation  will  relieve  the  defect.  In  general,  the  pro- 
portions of  details  and  of  parts  should  diminish  from  the  ground 
to  the  roadway.  The  crown  of  the  arch  should  come  near  to  the 
roadway  and  the  selection  of  rise  ratio  should  be  made  such  as  to 


Fig.  74.— Tunkhannock  viaduct,  D.  L.  &  W.  R.  R. 


accomplish  this  end,  for  both  economy  and  appearance  are 
promoted  thereby.    Compare  Fig.  75  and  Fig.  76. 

7.  Lack  of  Good  Shadow  Effects. — Inadequate  coping  and 
insignificant  pilasters  and  other  details  mar  -a  structure  because 
of  failure  to  relieve  the  monotony.  Where  the  roadway  can  be 
made  to  extend  over  the  spandrel  walls,  the  shadow  effects  are 
improved.    See  Saskatchewan  River  bridge,  Fig.  76. 

The  elements  capable  of  treatment  in  an  arch  bridge  are  the 
arch  ring,  abutments,  piers,  spandrel  walls,  coping  and  railing  or 
parapet.  In  general,  these  should  be  in  harmony  and  proportion 
to  the  entire  structure.  The  appearance  of  the  arch  may  be  made 
or  marred  by  the  attention  or  lack  of  attention  given  to  these 
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features.  If  these  features  do  not  stand  out  definitely,  the  struc- 
ture will  have  a  weak  indecisive  character,  while  on  the  other 


Fig.  75.— Angola  bridge,  L.  S.  &  M.  S.  R.  R. 

hand  they  may  be  made  so  prominent  as  to  dominate  the  appear- 
ance of  the  structure  and  to  jar  one's  sense  of  proportion. 


Fig.  76. — Saskatchewan  River  Bridge. 

The  Arch  Ring. — The  arch  ring  is  the  supporting  member  and 
therefore  should  definitely  appear  as  such  by  being  distinguishable 
in  its  outline.  In  open  spandrel  arches,  the  arch  ring  needs  no 
accentuation,  but  in  filled  arches  it  does.  This  may  be  accom- 
plished by  allowing  it  to  project  slightly,  by  scoring  the  spandrel 
wall  along  the  top  of  the  ring,  by  placing  a  slightly  projecting 
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cornice  at  the  top  of  the  arch  ring,  or  by  leaving  the  arch  ring 
smooth  and  giving  a  rough  finish  to  the  spandrel  walls  above. 
Scoring  the  arch  ring  to  give  it  the  appearance  of  stone,  although 
frequently  done  by  good  engineers,  is  of  doubtful  propriety, 
because  its  artificiality  violates  the  law  of  sincerity  and  truth. 

Piers  and  Abutments. — The  piers  and  abutments  should  appear 
adequate  in  mass  to  perform  the  functions  required  of  them. 
They  should  preferably  extend  beyond  the  face  of  the  arch  rib, 
the  abutments  into  wings  and  the  piers  into  breakwaters.  Round 
nosed  piers  with  a  graceful  "starling"  or  " cocked-hat"  coping 
usually  give  a  good  appearance  as  well  as  effective  action  as  a 
breakwater.  (See  Chap.  VIII.)  There  should  be  a  coping  over 
the  projecting  end  of  the  pier,  but  if  this  coping  is  extended  around 
to  the  sides  of  the  pier  under  the  springing  lines,  the  effect  is 
displeasing.  In  general,  the  cutwater,  or  starling,  should  be 
extended  up  past  the  springing  of  the  arches.    See  Fig.  144. 

The  piers  should  extend  as  pilasters  above  the  springing  to  the 
roadway  and  should  appear  at  the  face  to  be  essentially  continu- 
ous with  the  pier  itself,  although  this  portion  may  be  of  much 
lighter  construction.  Sometimes  a  small  bay  or  retreat  is  placed 
on  this  pilaster  at  the  level  of  the  roadway,  but  such  construction 
breaks  the  line  of  the  railing  and  is  not  to  be  commended 
generally. 

The  Spandrel  Walls. — Where  spandrel  walls  present  large  sur- 
faces, the  monotony  may  be  relieved  by  depressed  panels.  Raised 
panels  do  not  give  good  results  because  the  shadow  effects  are 
reversed.  On  a  filled  spandrel  wall  with  a  railing,  there  should 
be  a  coping  of  significant  proportions  at  the  level  of  the  roadway, 
since  one  axiom  of  good  architecture  is  that  the  lines  of  the  exte- 
rior should  reveal  the  interior  structure.  This  coping  should  be 
continuous  around  the  pilasters  above  the  piers.  If  properly 
proportioned,  it  throws  pleasing  shadows  on  the  face  of  the  spandrel 
wall  and  relieves  the  monotony. 

In  general,  figured  designs,  intricate  scoring,  and  other  exces- 
sive ornamentation  of  spandrel  walls  do  not  give  pleasing  effects. 
Depressed  paneling,  or  slight  scoring,  particularly  if  vertical,  may 
be  satisfactory,  but  little  beyond  that  should  be  attempted. 

Parapet  or  Railing. — The  parapet  or  railing  consists  of  the  plinth 
or  base,  the  coping  at  the  top,  and  the  dado  or  intermediate  web. 
The  plinth  and  coping  should  be  approximately  of  the  same 
width,  the  latter  being  somewhat  narrower,  following  the  law  of 
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superposition.  The  plinth  should  appear  adequate  in  its  propor- 
tions to  serve  as  a  base.  The  dado,  whether  solid  or  open-work, 
should  be  treated  with  care.  Where  the  dado  consists  of  a  balus- 
trade, the  balusters  should  be  carefully  proportioned  with  a  base, 
a  shaft  and  a  capital  well  defined.  (Compare  designs  of  Fig.  77.) 
The  dado  is  frequently  made  solid  with  depressed  panels  giving 
pleasing  results. 


Fig.  77. — Types  of  balustrades. 


The  railing  should  be  in  proper  proportion  to  the  arch.  A  light 
iron  pipe  railing  on  top  of  a  massive  concrete  arch  gives  one  the 
sense  of  flimsiness  and  inadequacy,  although  on  a  light  foot  bridge, 
a  pipe  railing  may  be  entirely  satisfactory. 

Giving  the  railing  a  flare  at  the  ends  where  the  conditions  are 
appropriate  for  such  treatment  gives  the  sense  of  facility  in 
entering  onto  the  bridge  and  yields  a  satisfactory  result.  The 
railing  should  seem  to  join  to  the  earth  at  the  ends  of  the 
arch  or  to  have  'a  definite  ending  in  a  newel  post  or  other 
device.  The  railing  should  have  a  camber  following  that  of  the 
roadway,  but  this  camber  should  end  with  the  springing  of  the 
arch  and  the  railing  should  be  level  over  the  abutment.  The 
railing  marks  the  upper  line  of  the  bridge  and  its  continuity  should 
be  guarded  with  care,  and  intermediate  posts,  retreats,  etc.  that 
would  break  that  continuity  should  be  used  with  caution. 

Lamp  posts  placed  on  the  railing  and  on  the  end  posts  should  be 
substantial  in  appearance  and  simple  in  outline.  Heavy  pylons 
at  the  end  of  a  bridge  are  of  doubtful  aesthetic  value,  although 
they  have  been  much  employed  in  Europe.  Excessive  orna- 
mentation with  statuary,  etc.  as  in  the  Victor  Emanuel  and  St. 
Angelo  bridges  at  Rome  has  very  little  to  commend  it  from  an 
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artistic  viewpoint.  Where  a  bridge  is  erected  as  a  memorial, 
such  decoration  may  be  admissible,  but  even  then  should  be 
used  sparingly. 

Example  of  Arch  Design. — Plates  I  and  II  give  details  of  two 
spans  of  the  Illinois  Central  R.  R.  arch  bridge1  over  the  Kankakee 
river,  on  the  design  of  which  the  author  was  engaged.  The  bridge 
consists  of  five  spans  and  was  designed  to  carry  heavy  railroad 
traffic  on  a  double  track  line.  Owing  to  the  high  price  of  steel 
existing  at  that  time  (1916),  an  effort  was  made  to  minimize 
the  amount  of  steel  used.  Since  the  structure  was  to  be  within 
the  city  of  Kankakee,  the  design  attempted  good  architectural 
treatment. 

Groined  Arches. — The  groined  arch  has  been  so  widely  used  for 
reservoir  and  filter  roofs  in  water  purification  works  and  for  roofs 
generally  and  is  so  well  adapted  to  such  use  that  some  mention 
should  be  made  of  it  in  this  connection.  The  groined  arch  is 
essentially  an  intersection  arch  being  formed  by  the  intersection 
of  barrel  arches  with  their  axes  in  the  same  plane.  The  economy 
of  the  groined  arch  over  beam  and  slab  construction  for  such 
structures  as  those  mentioned  above  has  been  amply  demon- 
strated and  it  has  been  generally  used  in  the  floors  of  these  struc- 
tures as  well  as  in  the  roof.  The  usual  form  for  roofs  consists 
in  the  intersection  of  semi-elliptical  surfaces  for  the  intrados  and 
of  parabolic  surfaces  for  the  extrados.  For  floors,  the  surface  is 
usually  parabolic.  This  form  offers  a  maximum  amount  of  head- 
room with  the  requisite  strength  and  economy.  In  estimates  by 
T.  H.  Wiggin2  for  the  Pittsburgh  filters,  groined  arch  construction 
cost  about  half  as  much  as  beam  and  slab  construction.  While 
brick  was  formerly  used  to  a  considerable  extent,  groined  arches 
are  now  made  almost  universally  of  concrete,  usually  plain, 
although  frequently  reinforced  lightly. 

The  calculation  of  stresses  in  groined  arches  is  subject  to  so 
much  uncertainty  that  such  a  calculation  can  be  made  only  for 
rough  checking,  and  the  design  is  necessarily  empirical  following 
precedent.  Three  different  modes  of  analyzing  the  stresses  in  a 
groined  arch  have  been  proposed,  and  each  has  a  modicum  of 
plausibility. 

1.  The  roof  is  considered  as  a  series  of  cantilever  or  umbrella 
structures  supported  at  the  piers  and  meeting  along  the  crowns 

1  Courtesy  of  S.  F.  Grear,  Chief  Draftsman. 

2  Proc.  Amer.  Concrete  Inst.,  vol.  6,  p.  216. 
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of  the  arches.  Where  there  is  considerable  thickness  of  masonry 
capable  of  taking  tension  over  the  supports,  this  cantilever 
action  doubtless  exists,  for  at  the  Albany  filters,  made  of  plain 
concrete,  the  arches  actually  opened  along  the  crowns  due  to  tem- 
perature changes,  and  yet  the  structure  stood  and  carried  its  load. 


Fig.  78.  Fig.  79. 

Fig.  78. — Assumed  stress  distribution  in  a  groined  arch. 
Fig.  79. — Stresses  in  a  groined  arch. 


2.  The  roof  is  considered  as  a  series  of  barrel  arches  with  the 
loaded  area  rhomboid  in  plan  abutting  on  the  piers  and  cut  along 
the  groin  lines.  In  support  of  this  theory,  it  is  pointed  out  that 
in  practice,  due  to  the  sequence  of  construction,  particularly  in 
filter  floors,  the  arches  are  so  separated  by  construction  joints. 

3.  The  roof  is  considered  as  a  series  of  barrel  arches,  the  full 
centered  arch  of  approximately  the  width  of  the  pier  carrying 
part  of  the  load  and  that  portion  of  the  load  which  goes  to  the 
groins  being  carried  by  the  diagonal  arch  along  the  groin  lines. 
See  Fig.  78.  In  some  structures,  the  roof  is  thickened  along  the 
groin  lines  to  care  for  these  stresses.    The  stresses  going  to  the 
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groin  lines  at  right  angles  to  the  axis  of  the  barrel  form  a  resultant, 
R,  acting  in  the  diagonal  or  groin  arch.    For  the  same  deflection, 


Section  through  Crown 

9  5  10  15  ft. 

Scale 


Fig.  80. — Section  through  groined  arches  at  Washington. 

the  thickness  of  the  arches  being  the  same,  assuming  the  deflec- 
tions of  similar  arches  under  similar  loadings  to  vary  as  the  cubes 


Fig.  81. — Interior  view  of  groined  arch  cover  over  filter  of  Ashland,  Wis. 

of  their  spans,  the  main  arch  AB  would  carry  about  2.8  times  as 
much  load  as  the  diagonal  arch  BC,  for  square  panels.  That  is, 
about  75  per  cent  of  the  panel  load  should  be  considered  as  being 
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carried  by  the  main  arch  A  B  and  about  25  per  cent  by  the  diagonal 
arch  BC.  The  logical  width  to  assign  to  this  diagonal  arch  would 
be  the  width  of  the  pier,  or  perhaps  the  diagonal  of  the  pier. 

On  the  basis  of  either  of  these  assumptions,  the  stresses  become 
calculable,  although  it  is  impossible  to  prove  one  of  them  more 
applicable  and  probable  than  the  others.  Where  the  panels  are 
poured  continuously,  it  is  probable  that  the  third  assumption 
more  truly  applies.  Even  at  best,  the  calculation  of  the  stresses 
is  subject  to  much  uncertainty  and  indefiniteness.  Figure  79 
shows  the  results  of  the  calculation  of  stresses  in  the  Pittsburgh 
filters  based  on  assumption  (3),1  i.e.,  assuming  the  arches  cut 
along  the  groin  lines. 

Owing  to  the  indeterminate  character  of  the  stresses  existing 
in  groined  arches,  it  is  necessary  to  follow  precedent  to  a  consid- 
erable extent  in  the  design  of  such  structures.  Table  XVI, 
taken  from  the  Annual  Report  of  the  Water  Board  of  Baltimore, 
gives  data  on  a  number  of  groined  arches  that  have  been  con- 
structed and  have  given  satisfaction.  Figure  80  shows  sections 
through  the  groined  arches  over  the  filters  at  Washington,  D.  C, 
and  Fig.  81  gives  an  interior  view  of  the  groined  arches  over  the 
filter  basins  at  Ashland,  Wis.2 

1  Engineering  and  Contracting,  Apr.  6,  1910. 

2  Trans.  Am.  Soc.  C.  E.,  vol.  43. 
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DAMS  AND  SEA  WALLS 

Introduction. — Dams  are  constructed  for  (1)  impounding 
water,  (2)  diverting  water,  (3)  raising  the  level  of  streams  to  aid 
navigation  or  for  other  purpose  and  (4)  retention  of  water  for 
flood  control.  They  are  built  of  various  materials,  chief  of 
which  are  earth,  loose  rock,  timber,  steel,  and  masonry  including 
stone,  plain  concrete  and  reinforced  concrete  masonry,  as  well  as 
of  various  combinations  of  these  materials. 

A  dam  may  be  a  plain  gravity  type,  i.e.,  its  stability  depending 
upon  its  weight  only,  or  it  may  be  built  up  structurally  as  an 
arch  or  otherwise,  in  which  case  its  stability  does  not  depend  upon 
its  weight  alone. 

A  breakwater  is  a  wall  or  other  obstruction  to  waves  built  to 
protect  a  shore  or  a  harbor.  Breakwaters  are  built  of  loose 
rock,  timber,  masonry,  or  combinations  of  these  materials. 

The  forces  to  which  these  structures  are  subjected  and  the 
principles  underlying  their  design  will  be  presented  in  the  following 
pages. 

Prior  to  1853,  dams  were  built  empirically  altogether,  but  in 
that  year,  De  Sazilly,  a  French  engineer,1  explained  the  nature  of 
the  forces  to  which  a  dam  is  subjected,  and  since  that  time,  the 
design  of  dams  has  been  reduced  to  a  scientific  procedure. 
Edward  Wegmann  in  1884  made  a  series  of  studies  for  the  Quaker 
Bridge  dam  near  the  mouth  of  the  Croton  river  (which  was 
afterward  built  a  mile  farther  up  the  stream  and  named  the  new 
Croton  dam),  and  these  studies  have  probably  advanced  the 
science  of  dam  design  more  than  any  other  one  contribution. 
Previous  to  that  date,  the  highest  dam  was  184  ft.,  near  St. 
Etienne,  France,  but  Mr.  Wegmann's  studies  contemplated  a 
dam  near  300  ft.  high,  and  since  that  time,  dams  have  been  built 
to  much  greater  heights.  Table  XVII  gives  the  height  and  base 
of  a  few  notable  plain  gravity  dams  (arch  dams  have  been  built 
recently  to  exceed  these  heights) : 

1  Annates  des  Ponts  ei  Chaussees,  vol.  2. 
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Table  XVII. — Dimensions  of  Gravity  Dams 


Dimensions,  ft. 

Dam 

Date 

Material 

Height 

Base 

Top 

Boyd's  Corners  

1872 

78 

57 

8.5 

Cone,  and  stone  face 

San  Mateo  

1887 

170 

176 

Titicus  

1895 

109 

75 

21 

Cone,  and  stone  face 

Wachusett  

1906 

205 

.  187 

22.5 

Rubble 

New  Croton  

1907 

238 

185 

18 

Stone  masonry 

Barker's  Meadow. . . . 

1909 

175 

124 

16 

Concrete 

Kensico  

1910 

250 

228 

28 

Concrete 

Ashokan  

1913 

220 

190 

2.6 

Concrete 

In  the  design  of  a  masonry  dam,  the  following  factors  should 
be  considered:  (a)  Stability,  (b)  Imperviousness,  (c)  Economy, 
and  sometimes  (d)  Appearance. 

Forces  Acting  on  a  Dam. — The  forces  acting  on  a  dam  are: 

1.  Pressure  of  the  water: 

(a)  Horizontal, 

(b)  Downward  on  back  slopes, 

(c)  Upward  or  buoyant, 

2.  Ice  pressure, 

3.  Wind  pressure, 

4.  Wave  action, 

5.  Pressure  of  the  earth  at  the  bottom  and  at  the  ends  where  the  dam 
extends  into  the  earth, 

6.  Gravity,  or  weight  of  the  dam, 

7.  Reaction  of  the  foundation, 

8.  Reaction  at  the  ends. 

The  first  four  of  these  include  the  forces  which  tend  to  overturn 
the  dam,  (except  the  downward  pressure  of  the  water  on  the 
back),  while  the  last  four  are  those  which  tend  to  resist  the  former 
and  to  give  the  structure  stability.  These  forces  must  of  neces- 
sity be  in  equilibrium.  The  exact  .amount  and  the  point  of 
application,  of  each  of  these  forces,  with  the  exception  of  the 
horizontal  water  pressure,  are  indeterminate,  hence,  the  design 
of  a  dam  is  a  matter  of  approximation  to  a  great  extent  and  not  a 
matter  of  close  precision.  Moreover,  the  conditions  as  affected 
by  the  site  are  seldom  the  same  in  two  instances,  hence,  the 
design  in  each  case  must  be  considered  with  reference  to  the 
peculiar  conditions  attendant  on  that  situation. 


DAMS  AND  SEA  WALLS 


207 


Horizontal  Pressure  of  Water. — By  well  known  principles  of 
hydraulics,  the  unit  pressure  on  a  submerged  surface  at  any  point 
is 

p  =  wh 

where  p  is  the  pressure  in  pounds  per  square  foot,  w  is  the 
weight  in  lbs.  per  cubic  foot  of  water  (62.4  for  fresh  water  at 
32°  F.  and  about  64.2  for  ocean  water)  h  is  the  depth  in  feet  to 
the  point  in  question. 

If  A  is  the  area  of  any  surface,  the  total  pressure  is  wAh,  and 
this  pressure  acts  normally  to  the  surface.  On  a  surface  extend- 
ing from  the  top  of  the  water  to  a  depth  H,  the  total  pressure  is 

P  =  y2wAH2 

and  on  any  submerged  rectangular  surface,  the  pressure  is 

P  =  3^wA(#i2  —  H22)  where  Hi  and  H2  are  the  depths  to  the 
bottom  and  the  top  of  the  surface  respectively. 


Fig.  82.— Head  on  an  overflow  dam. 


The  center  of  pressure  can  be  readily  calculated,  the  resultant 
for  a  rectangular  surface  passing  through  the  center  of  gravity 
of  the  trapezoid  whose  bases  are  respectively  the  pressure  at  the 
bottom  and  at  the  top  of  the  surface  considered.  For  any 
surface 

x  =  1/S 

where  x  is  the  distance  from  the  intersection  of  the  plane  with 
the  surface  of  the  water,  /  and  $  are  the  moment  of  inertia  and 
the  statical  moment  respectively  of  the  plane  about  that  inter- 
section.   On  a  rectangular  strip  such  as  is  commonly  under  con- 
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sideration,  the  center  of  pressure  is  at  a  distance  from  the  bottom 
of  H/3  where  H  is  the  depth  of  the  water. 

In  an  overflow  dam  as  shown  in  Fig.  82,  if  the  curve  of  the 
downstream  face  is  such  that  a  particle  of  water  with  an  initial 
velocity  of  \/ 2gH2  would  pass  clear  over  the  crest,  (i.e.,  if  the 
ordinate  to  the  curve  is  as  great  as  or  greater  than  indicated  by 
the  equation,  y  =  x2/4i72)  the  weight  of  the  water  on  the  crest 
should  not  be  counted  as  a  vertical  force  acting  on  the  dam,  but 
if  the  inclination  of  the  downstream  surface  is  less  than  this,  the 
water  on  the  crest  will  exert  a  force  downward  on  the  dam  vary- 
ing with  the  flatness  of  the  crest. 

In  general,  the  water  on  the  lower  face  of  an  overflow  dam  does 
not  exert  much  pressure  on  the  dam,  the  only  pressure  being  the 
reaction  required  to  deflect  the  course  of  the  water  and  in  well 
designed  overflow  dams,  this  is  negligible.  However,  if  the  water 
does  not  flow  over  the  dam  "nappe  free,"  that  is  with  a  free  access 
of  air  beneath  the  sheet  of  water,  a  partial  vacuum  may  be 
formed  which  will  exert  a  "pull"  on  the  downward  face  of  the 
dam  tending  to  overturn  the  structure,  the  possible  maximum 
value  of  which  would  be  the  horizontal  impulse  of  the  sheet  of 
water. 

Inasmuch  as  the  water  in  the  cross  section  of  the  channel  above 
the  dam  is  diverted  upward  nearly  at  right  angles  when  it  strikes 
the  dam,  a  horizontal  force  nearly  equal  to  the  pressure  due  to  the 
velocity  head  in  the  channel  above  the  dam  should  be  counted 
as  acting  on  the  structure.  The  center  of  pressure  of  this  force 
is  approximately  at  half  the  depth,  the  mean  velocity  being  at 
about  0.6  the  depth  from  the  surface.  This  pressure  head  equals 
v2/2g,  where  v  is  the  velocity  of  the  water.  Thus  if  the  velocity 
of  approach  is  0.5  ft.  per  second,  this  pressure  would  amount  to 
0.24  lb.  per  square  foot.  Obviously  the  pressures  from  this 
source  will  be  small. 

The  collection  of  silt  above  the  dam  may  increase  the  pressure  on 
the  dam  considerably.  The  pressure  from  silt  should  be  calcu- 
lated as  the  pressure  of  a  fluid  having  a  specific  gravity  of  about 
1.6,  for  it  is  essentially  in  a  fluid  state  in  many  cases. 

The  pressure  on  the  lower  face  from  water  in  the  lower  pool 
should  be  calculated  as  for  water  in  the  upper  pool.  Due  to 
overflow,  however,  the  pressure  from  water  in  the  lower  pool  may 
be  almost  entirely  prevented,  hence,  this  action  should  not  gen- 
erally be  counted  on  in  calculating  the  stability  of  the  structure. 
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Uplift  Due  to  Intrusive  Water. — If  the  foundation  or  any  hori- 
zontal plane  of  a  dam  is  permeable  so  that  water  under  hydro- 
static head  may  enter,  a  vertical  uplift  will  result,  which  may  be  a 
force  of  considerable  magnitude  tending  to  overturn  the  dam. 
Care  should  be  exercised,  therefore,  to  make  the  foundation  as 
nearly  impervious  as  possible  in  order  to  minimize  this  force. 
Obviously,  the  amount  of  this  force  depends  upon  the  permeabil- 
ity of  the  dam,  for  full  hydrostatic  pressure  is  not  exerted  through 
water  in  a  capillary  state,  while,  on  the  other  hand,  if  the  water 


Distance  from  Heel  -  Ft. 
Fig.  83. — Hydrostatic  pressure  under  a  model  dam. 

enters  as  a  connected  sheet,  the  full  hydrostatic  force  will  occur. 

Obviously  the  proportion  of  the  full  hydrostatic  head  that  is 
effective  in  producing  upward  pressure  on  the  dam  depends  upon 
the  character  of  the  foundation,  and  very  few  observations  have 
been  made  to  determine  the  behavior  of  this  pressure.  Figure  83 1 
shows  the  variation  under  a  model  dam  whose  base  was  8.25  ft. 
long  resting  on  sand.  The  pressures  were  observed  also  with  sheet 
piling  3  ft.  long  at  the  heel  and  1.5  ft.  long  at  the  toe.  The  effect 
of  sheet  piling  in  reducing  the  intensity  of  pressure  is  noticeable 
from  the  results. 

The  exact  amount  of  this  pressure  and  the  location  of  its  center 

of  pressure  are  matters  of  considerable  uncertainty,  for  they  vary 

with  the  local  conditions.    In  view  of  this  fact,  the  character  of 

the  foundations  at  each  dam  site  should  be  studied  in  order  to 

»  Trans.  Am.  Soc.  C.  E.,  vol.  80,  p.  445. 
14 
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ascertain  as  accurately  as  possible  the  facts  in  each  case.  If  the 
foundation  is  solid  rock  without  seams  or  faults,  concrete  will 
adhere  perfectly  and  the  effect  of  intrusive  water  may  be  avoided 
entirely.  At  the  Keokuk  dam,  for  instance,  (an  overflow  dam 
about  45  ft.  high)  holes  were  bored  in  the  foundations  to  a  depth 
of  35  ft.  after  the  rock  had  been  removed  to  what  was  apparently 
solid  foundation.  Besides  serving  as  a  test  for  seams  of  mud  or 
other  fault  material,  these  holes  were  used  as  a  test  of  the  imper- 
viousness  of  the  rock  by  attaching  an  air  line  to  them  carrying 
100  lb.  air  pressure.  If  no  air  leaked  into  the  neighboring  holes, 
the  foundations  were  assumed  to  be  satisfactory.  In  this  case, 
no  allowance  was  made  for  the  upward  pressure  of  intrusive 
water. 

As  the  opposite  extreme  condition,  if  the  foundation  is  of 
gravel  or  other  porous  material,  or  is  seamy,  and  a  pool  exists 
below  the  dam  (which  would  be  the  case  with  an  overflow  dam) 
conservative  design  would  require  that  the  full  hydrostatic  effect 
of  the  water  should  be  counted  upon,  varying  from  somewhat  less 
than  the  head  in  the  pool  above  to  the  head  in  the  pool  below. 
If  there  is  to  be  no  pool  below,  the  pressure  at  the  toe  will  be  zero 
and  will  vary  uniformly  to  a  certain  fraction  of  the  head  in  the 
upper  pool.    In  this  case,  the  upward  pressure  will  be 

C'wb 

where  w  is  the  width  of  the  strip  and  C  is  a  factor  involving 
the  proportional  head  and  the  proportion  of  effective  area,  hi  is  the 
head  above  and  h2  the  head  below  the  dam.  This  proportion  of 
effective  area  may  vary  from  zero  for  solid  rock  as  in  the  case  at 
Keokuk  to  perhaps  0.7  or  more  for  seamy  rock  or  otherwise  un- 
favorable foundation.  The  amount  of  this  effective  area  is  a  mat- 
ter about  which  there  is  a  difference  of  opinion  and  the  judgment  of 
the  engineer  will  have  to  be  relied  upon  in  estimating  it.  Table 
XVIII  gives  the  percentage  of  theoretical  uplift  adopted  in  the 
design  of  various  dams. 

Tests1  indicate  that  the  hydrostatic  pressure  generally 
does  not  exceed  three  fourths  of  the  theoretical  pressure,  although 
these  tests  were  too  meagre  to  justify  a  definite  conclusion. 

One  method  that  has  been  extensively  used  for  estimating  the 
proportional  pressure  at  any  point  is  by  the  "line  of  creep" 

1  Engineering  News,  July  31,  1913. 
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Table  XVIII. — Effective  Head  Under  Dams 


Foundation 

Head,  ft. 

Per  cent' 
effective, 

Wachusett  

Schist,  granite 

205 

66  ' 

Cross  River  

Seamy  gneiss 

153 

66 

Elephant  Butte  

Coarse  sandstone 

264 

33 

Olive  Bridge  

Seamy  rock 

130 

66 

Gneiss,  schist,  limestone 

160 

66 

Scioto  

Seamy  limestone 

52 

66 

Keokuk  

Solid  limestone 

42 

0 

theory.  It  assumes  that  the  pressure  is  reduced  in  proportion 
to  the  distance  the  water  must  travel  in  reaching  the  point  con- 
sidered, and  that  the  water  follows  the  surface  of  contact  of  the 
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Fig.  84. — Line  of  creep  theory  of  hydrostatic  pressure  under  a  dam. 

dam  with  the  foundation.  That  is,  if  the  pressure  is  reduced  a 
certain  amount,  H',  in  the  dam  from  heel  to  toe,  the  reduction  at 

any  point  will  be  ^  H'  in  Fig.  84.    However,  observations  at 

Island  Park  dam1  indicate  that  the  actual  pressure  does  riot  always 
follow  the  "line  of  creep"  theory. 

Obviously,  the  pressure  at  any  point  in  the  dam  wil  be  only 
such  a  head  as  will  force  the  internal  water  to  an  exit  at  the  toe, 

1  Engineering  News-Record,  May  20,  1920. 
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into  a  drain  or  elsewhere.  From  this  axiomatic  statement,  it 
follows  that  if  the  lower  portion  of  the  dam  foundation  is  porous 
so  that  the  water  can  escape  readily,  or  if  the  lower  portion  is 
well  underdrained,  the  hydrostatic  pressure  will  be  much  reduced 
from  what  it  would  be  if  the  dam  foundation  is  homogeneous. 

In  practical  design,  therefore,  so  far  as  hydrostatic  pressure 
from  intrusive  water  is  concerned,  the  dam  should  consist  as 
nearly  as  possible  of  an  impervious  upper  face  and  a  body,  or 
lower  portion,  which  supports  that  upper  face  and  permits  the 
ready  egress  of  any  water  that  may  percolate  into  the  dam.  By 
the  construction  of  a  cut-off  wall,  by  extra  dense  masonry,  or 
by  other  device,  the  water  should  be  kept  out  of  the  dam  so  far 
as  possible,  but  since  all  water  can  not  be  entirely  excluded,  any 
water  that  gets  into  the  dam  should  be  conducted  away  as  rapidly 
as  possible.  The  construction  of  a  cut-off  wall  is  perhaps  one  of 
the  most  effective  devices  for  accomplishing  this  purpose.  A 
layer. of  silt  against  the  heel  of  the  dam  has  been  found  effective 
also. 

In  this  connection,  the  effect  of  horizontal  construction  joints 
should  be  noted.  Storms  and  various  interruptions  are  likely 
to  cause  seams;  common  methods  of  construction  favor  the  use 
of  a  wet  concrete  from  which  laitance  3^  in.  thick  or  more  may 
collect  and  form  a  permeable  bed  into  which  the  water  may 
intrude;  in  either  case,  a  large  internal  pressure  may  result. 
Care  should  be  exercised,  therefore,  to  break  up  the  continuity 
of  the  horizontal  seams  so  as  to  prevent  the  entrance  of  a  sheet  of 
water. 

Drainage  of  dam  foundations  will  always  be  advantageous, 
even  where  conditions  are  the  most  favorable.  In  many  dams 
recently  built,  large  inspection  galleries  have  been  placed  in  the 
body  of  the  structure  into  which  entrance  is  readily  made  from 
the  top  or  from  the  ends. 

Wave  Action. — The  chief  effect  of  waves  so  far  as  the  design 
of  dams  is  concerned  is  to  increase  the  effective  head  on  the  dam 
to  the  extent  of  the  height  of  the  wave.  Usually  this  increase 
in  pressure  is  not  large.  The  height  of  waves  may  be  estimated 
from  a  formula  given  by  Thomas  Stevenson,  a  noted  Scotch 
harbor  engineer,  which  is 

h  =  1.5 +  (2.5  -  \/F) 
in  which  h  is  the  height  of  wave  in  feet  and  F  is  the  "fetch  "  or  the 
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longest  line  of  exposure  of  the  surface  of  the  water  to  the  wind 
expressed  in  miles.  This  formula  was  derived  from  observations 
under  windy  conditions  and  gives  rather  large  results. 

Unless  the  waves  break  due  to  shallowness  of  approach,  there 
is  very  little  impact  effect,  and  in  masonry  dam  design,  the 
impact  effect  may  be  practically  neglected.  However,  in  the 
design  of  breakwaters  the  impact  effect  of  waves  is  of  great 
importance. 

The  amount  of  water  impinging  on  a  square  foot  of  surface 
per  second  due  to  the  approach  of  a  wave  is  wv/g,  w  being  the 
weight  of  a  cubic  foot  of  water  and  v  the  velocity  in  feet  per 
second.  According  to  the  principle  of  impulse  and  momentum, 
the  force  of  impact  would  be  wv2/g,  since  this  amount  of  momen- 
tum is  destroyed  in  one  second.  Major  Gaillard  gives  the 
following  formula  for  the  velocity  of  waves  in  shallow  water1 

v  =  Vg(d  +  yAh) 

where  d  is  the  depth  of  the  water  and  h  the  height  of  the  wave, 
and  considers  the  velocity  of  the  crest  of  a  breaking  wave  as  30 
per  cent  greater  than  the  general  velocity  of  the  wave.  The 
depth  at  which  waves  break  has  been  found  to  vary  from  1.7h 
to  2.7/i.  Dr.  Brysson  Cunningham2  concludes  a  valuable  discus- 
sion on  the  subject  by  proposing  the  formula  for  the  pressure  of 
waves  due  to  impact 

p  =  S.2gh 

p  being  the  pressure  in  pounds  per  square  foot,  h  the  height  of 
wave  in  feet,  g  the  acceleration  of  a  body  due  to  gravity. 

The  effect  of  waves  in  disintegrating  a  surface  is  very  marked 
because  of  water  ram.  Cavities  in  a  breakwater  or  other  struc- 
ture may  become  filled  with  water  having  a  small  entry  way  to  the 
outside.  Waves  producing  a  pressure  in  this  entry  way  have 
their  pressure  multiplied  in  proportion  to  the  area  of  the  cavity 
inside,  producing  a  disruptive  force  of  considerable  magnitude. 
It  is  highly  important  from  these  considerations  to  construct 
the  face  free  from  crevices  or  other  cavities  into  which  the  waves 
may  force  the  water. 

Ice  Pressure. — Ice  expands  with  a  decrease  in  temperature, 
hence,  when  a  reservoir  is  covered  with  ice,  the  dam  is  subject 

1  U.  S.  Army  Engineers,  Professional  Papers,  31,  1904. 

2  Brysson  Cunningham,  "Harbour  Engineering,"  p.  175. 
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to  a  thrust  due  to  its  expansion.  Where  ice  is  enclosed  so  that 
the  pressure  is  confined,  as  in  a  globe  or  vessel,  this  pressure  is 
enormous,  being  sufficient  to  burst  most  materials.  However, 
such  conditions  do  not  obtain  in  a  reservoir,  for  the  ice  may 
expand  upward  into  the  air  and  laterally  along  the  sloping  shores. 
This  pressure  would  probably  never  amount  to  the  crushing 
strength  of  ice,  viz.,  100  to  1,000  lbs.  per  square  inch,  unless  the 
ice  should  be  floating  and  exert  its  pressure  by  impact,  or  should 
be  in  practically  a  confined  condition.  The  following  is  quoted 
from  a  discussion  on  the  subject  by  C.  L.  Harrison1  as  covering 
the  conditions  where  ice  pressure  need  not  be  provided  for: 

"  1.  For  the  ordinary  storage  reservoir  with  sloping  banks,  in  climates 
where  the  maximum  thickness  of  ice  is  6  in.  or  less, — for  dams  with  a 
southern  exposure,  this  limit  may  be  placed  at  1  ft. 

"2.  For  reservoirs  which  are  filled  during  the  flood  season  and  from 
which  all  the  stored  water  is  drawn  off  each  year  during  the  low  water 
season.  This  would  include  even  the  large  reservoirs  on  the  head  waters 
of  the  Mississippi  River,  where  the  ice  has  a  thickness  of  more  than  4  ft. 
and  the  atmospheric  temperatures  reach  50°  below  zero. 

"3.  For  storage  reservoirs  where  water  will  be  drawn  off  each  year 
during  the  winter  to  a  level  where  the  dam  is  strong  enough  to  resist  the 
ice  pressure. 

"4.  For  reservoirs  where  the  contour  of  the  ground  at  high  water 
level  is  such  that  the  expansive  force  of  the  ice  will  not  reach  the  dam." 


Table  XIX. — Allowance  for  Ice  Pressure  in  Dam  Design 


Dam 

Location 

Pressure  lbs. 
per  linear  ft. 

Boston 

47,000 

Catskills 

47,000 

New  York 

47,000 

Croton  Falls  

New  York 

30,000 

New  York 

24,000 

New  York 

none 

Columbus 

34,000 

The  data  of  Table  XIX  indicates  the  amount  of  ice  pressure 
allowed  in  a  number  of  instances  of  dam  design. 

The  reason  for  the  smaller  allowance  for  the  Cross  River  and 
Croton  Falls  dams  was  that  the  local  conditions  of  topography 
were  such  that  the  full  ice  pressure  would  not  reach  the  dam. 

»  Trans.  Am.  Soc.  C.  E.,  vol.  75,  p.  219. 
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Ice  flows  cannot  exert  great  pressure  on  a  non-overflow  dam 
because  of  the  low  velocity  of  approach,  and,  moreover,  the  ice 
is  usually  soft  under  such  conditions.  While  the  pressure  on 
overflow  dams  may  be  more,  it  probably  is  less  than  that  due  to 
the  expansive  force. 

Wind  Pressure. — For  the  condition  of  reservoir  full,  the  effect 
of  wind  pressure  would  scarcely  ever  need  to  be  taken  into 
account  unless  the  dam  projects  to  an  unusual  height  above  the 
water.  With  the  reservoir  empty,  the  effect  of  wind  pressure 
on  the  face  of  the  dam  should  be  considered  in  computing  the 
pressure  at  the  heel  and  in  the  design  of  the  back  of  the  dam. 

Weight  of  a  Dam. — The  weight  of  a  dam  may  be  computed  if 
the  specific  weight  of  the  masonry  is  known.  The  data  of 
Table  XX  indicate  the  weights  of  masonry  commonly  used  in 
dams. 


Table  XX. — Weight  of  Masonry  in  Dams 


Class  of  masonry 

Weight,  lbs.  per  cu.  ft. 

Ashlar 

165 

160 

140 

Rubble 

155 

150 

130 

Concrete  . 

150-160 

140-160 

145-160 

145-150 

130-140 

Reinforced  concrete  

add  6  per  cent  to  above 

The  method  of  finding  the  position  of  the  center  of  gravity  will 
be  indicated  at  another  place. 

Pressure  of  the  Earth. — Masonry  dams  are  almost  necessarily 
set  on  rock  foundations  and  as  a  consequence,  it  is  usually 
necessary  to  sink  the  dam  to  a  considerable  depth  below  ground 
level.  As  a  result,  the  earth  exerts  a  pressure  against  the  lower 
part  of  the  dam.    For  example,  the  Croton  Falls  dam  extends 
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55  ft.  into  the  earth  and  the  Olive  Bridge  dam  extends  about 
the  same  distance.  The  method  of  calculating  the  pressures 
from  the  surrounding  earth  will  be  explained  in  the  next  chapter 
under  retaining  walls. 

Reaction  of  the  Foundation. — Let  2P  be  the  resultant  of  all 
horizontal  forces  and  the  resultant  of  all  vertical  downward 
forces  and  R  the  resultant  of  these.  These  forces  cause  a  reac- 
tion R'  in  the  foundation  which  must  be  equal  and  opposite  to  R 
in  order  that  the  dam  may  be  in  equilibrium.  If  e  represents 
the  eccentricity  of  the  resultant  R  and  V  the  vertical  component, 
that  is,  the  distance  from  the  middle  of  the  base  to  the  point 
where  R  passes  through  the  base,  then  the  pressure  at  the  toe 
and  heel  of  the  dam  are  given  by  the  familiar  formula  from 
mechanics 

p=I(1±|)  a) 

the  plus  sign  applying  to  the  toe  and  the  minus  to  the  heel. 
This  condition  is  represented  in  Fig.  85  (a)  and  (b)  and  is  pre- 


dicated on  an  elastic  reaction  of  the  foundation.  An  elastic 
reaction  probably  obtains  only  where  the  foundation  is  solid  rock 
and  the  masonry  does  not  sustain  high  unit  stresses. 

The  equation  given  above  is  applicable  so  long  as  the  resultant 
falls  within  the  kern  or  middle  third  of  the  base,  or  so  long  as 
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there  is  only  compression  in  the  masonry,  and  also  if  the  masonry 
and  its  connection  with  the  foundation  is  capable  of  taking 
tension  at  the  heel.  However,  the  strength  of  masonry  in 
tension  and  the  adhesion  to  the  foundation  are  so  uncertain 
that  it  is  not  safe  to  assume  any  tensile  strength  whatever  at  the 
heel  of  the  dam.  The  maximum  stress  under  this  condition 
must  be  calculated  on  the  basis  of  a  redistribution  of  the  stresses 
in  the  reaction  in  which  the  bearing  is  over  an  area  having  a  width 
less  that  the  width  of  the  dam.  The  point  at  which  the  resultant 
cuts  the  base  and,  hence,  e,  can  be  ascertained.  The  maximum 
pressure  as  illustrated  in  Fig.  85  (c)  is 

P  =  — (2) 
r      3(6/2  -  e)  K  J 

since,  the  length  of  the  base  over  which  the  stress  is  distributed 
is  3(6/2  —  e),  the  center  of  gravity  of  a  triangle  being  at  one- 
third  the  height,  and  area  one-half  the  product  of  the  base  and 
altitude. 

Conditions  of  Stability  of  Dams. — Three  conditions  must  be 
fulfilled  before  a  masonry  dam  may  be  stable: 

1.  It  shall  not  slide  (a)  along  any  plane  or  joint  in  the  dam,  (b) 
nor  along  the  plane  of  the  foundation,  (c)  nor  along  any  seam 
in  the  foundation. 

2.  It  shall  not  overturn  (a)  about  any  horizontal  plane  or  joint 
in  the  dam,  (b)  nor  about  the  plane  of  the  foundation,  (c)  nor 
about  any  bedding  plane  in  the  foundation. 

3.  The  stresses  in  the  masonry  shall  not  exceed  safe  limits: 

(a)  in  compression  at  the  toe  or  at  any  plane  in  the  dam  nor 

(b)  in  shear  or  diagonal  shear  along  a  vertical  section  in  the 
downstream  slope. 

In  order  that  a  dam  may  not  slide  at  any  horizontal  plane  it  is 
-necessary  that  the  weight  of  the  superimposed  material  multi- 
plied by  the  coefficient  of  friction  plus  whatever  shear  or  adhesive 
strength  may  lie  in  the  section  shall  be  equal  to  or  greater  than 
the  horizontal  forces  tending  to  slide  the  portion  of  the  dam  above 
that  plane.  That  is,  the  total  force  tending  to  prevent  sliding 
will  be  fW  +  mb,  where  /  is  the  coefficient  of  friction  and  m  is 
the  shear  strength  of  the  concrete  per  unit  of  area,  or  the  coeffi- 
cient of  adhesion  when  referring  to  the  foundation  plane.  The 
coefficients  of  friction  for  various  materials  are  as  follows: 
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Table  XXI. — Coefficients  of  Friction  of  Various  Masonry  Materials 


Material 

Coefficient 

Granite  (roughly  worked)  on  gravel  and  sand  (wet)  

0 

41 

0 

41 

0 

65 

0 

47 

0 

58 

0 

51 

0 

33 

Point  dressed  granite  (medium)  on  like  granite  

0 

70 

Point  dressed  granite  (medium)  on  common  brickwork  

0 

63 

Point  dressed  granite  (medium)  on  smooth  concrete  

0 

62 

0 

58 

Dressed  hard  limestone  (medium)  on  like  limestone  

0 

58 

Dressed  hard  limestone  (medium)  on  brickwork  

0 

60 

Beton  blocks  (pressed)  on  like  beton  blocks  

0 

66 

0 

64 

Common  bricks  on  hard  dressed  limestone  

0 

60 

The  factor  of  safety  against  sliding  will  be  the  ratio  of  the 
total  resisting  force  to  the  total  sliding  force.  When  the  dam  is 
safe  against  overturning  and  against  crushing  of  the  masonry  at 
the  toe,  it  will  usually  be  safe  against  sliding  on  any  plane. 
However,  several  dams  have  failed  by  sliding  on  the  foundation 
owing  to  the  buoyant  effect  or  vertical  uplift  of  the  water  under 
the  dam. 

For  stability  against  overturning,  the  moment  of  the  resisting 
forces  about  the  toe  of  the  dam  should  be  greater  than  the 
moment  of  the  overturning  forces  about  that  same  point.  The 
factor  of  safety  against  overturning  will  be  the  ratio  of  these 
two  moments. 

Quality  of  Masonry  Required. — A  dam  of  built  up  stone 
masonry  almost  always  leaks  some  when  first  constructed  but 
generally  this  leakage  diminishes  with  time  as  the  silt  from  the 
water  tends  to  clog  the  pores  of  the  masonry.  In  a  few  cases, 
masonry  dams  have  been  coated  with  a  rich  concrete  or  mortar 
over  the  back  in  order  to  increase  the  imperviousness.  This  has 
been  accomplished  advantageously  in  a  few  instances  by  means 
of  the  "cement  gun." 

Concrete  as  rich  as  1 : 9  or  richer  will  prove  sufficiently  impervi- 
ous for  a  gravity  dam,  as  the  porous  spaces  usually  fill  up  with 
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silt  from  the  water  and  magnesian  and  other  salts  transferred 
from  other  parts  of  the  structure.  However,  it  is  seldom  that 
the  downstream  face  of  a  high  masonry  dam  is  dry  or  free  from 
small  seeps.    These,  fortunately,  are  of  little  consequence. 

For  thin  arch  dams,  the  quality  of  the  concrete  should  be 
much  better  than  for  gravity  dams.  Usually  a  1:6  or  a  1 :  7% 
mixture  properly  graded  will  be  necessary  to  secure  the  requisite 
imperviousness.  The  stresses  are  generally  kept  rather  low  so 
that  such  concrete  is  amply  strong  to  sustain  the  loads  coming 
upon  the  structure.  The  mixture  should  be  of  a  mushy  con- 
sistency and  care  should  be  exercised  to  avoid  "honeycombed" 
concrete  due  to  the  leaking  of  the  matrix  through  the  forms  while 
placing  the  concrete. 

Imperviousness  and  Drainage. — Although  it  is  impracticable 
to  make  a  dam  absolutely  impervious,  it  should  be  as  nearly 
impervious  as  can  be  conveniently  attained.  A  dam  properly 
consists  of  two  elements,  (a)  the  upper  portion  or  back  of  the 
dam,  in  the  design  and  construction  of  which  special  attention 
should  be  given  to  rendering  it  impervious,  and  (b)  the  support 
or  downstream  body  of  the  dam.  These  two  portions  are  not 
built  as  structural  entities,  of  course,  but  in  function,  the  dis- 
tinction should  be  kept  in  mind. 

Dams  may  leak  through  construction  joints,  through  the  junc- 
tion with  the  foundation  or  around  the  ends.  Leaks  through  the 
foundation  itself  or  through  permeable  strata  underlying  the 
reservoir  frequently  occur,  but  usually  these  are  not  due  to  any 
fault  in  the  dam  itself,  although  the  entire  project  may  be  at 
fault  in  that  a  proper  site  was  not  selected.  Unless  the  leakage 
is  considerable,  the  escape  of  water  through  the  body  of  a  masonry 
dam  is  not  serious. 

The  use  of  dense  masonry  in  the  upper  portion  of  the  dam  and 
the  building  of  a  cutoff  wall  at  the  heel  are  perhaps  the  best 
devices  for  preventing  leakage. 

Drainage  of  the  foundation  of  a  dam  is  important,  especially 
where  there  is  a  likelihood  of  considerable  water  seeping  under 
the  dam.  With  sufficient  care  in  constructing  the  cut-off  wall 
and  the  installation  of  adequate  drainage,  the  effect  of  the  uplift 
pressure  of  intrusive  water  can  be  practically  eliminated.  Figure 
86  is  the  design  of  the  Lower  Otay  dam  as  recommended  by 
M.  M.  O'Shaughnessy,1  City  Engineer  of  San  Francisco,  and 

1  Engineering  Record,  Aug.  12,  1916. 
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illustrates  a  complete  drainage  system  under  a  high  masonry 
dam. 

Design  of  Section  for  a  Gravity  Dam. — The  economical  section 
of  a  dam  is  the  one  that  fulfills  the  above  requirements  for 


Profile 

Fig.  86. — Section  of  the  lower  Otay  dam  (proposed). 


stability  and  imperviousness  at  a  minimum  cost.  Generally,  the 
economic  section  will  be  the  one  that  is  stable  and  contains  the 
minimum  quantity  of  masonry,  although  owing  to  peculiarities 
in  the  foundation  and  to  the  variation  in  the  costs  of  different 
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kinds  of  masonry,  this  may- not  always  be  true.  Theoretical 
considerations1  indicate  that  the  economical  top  width  of  masonry 
gravity  dams  is  about  14  to  17  per  cent  of  the  average  height, 
although  10  per  cent  is  the  figure  most  commonly  used.  How- 
ever, the  top  width  will  frequently  be  governed  by  other  con- 
siderations, such  as  the  resistance  to  ice  pressure,  the  presence  of 


Fig.  87. — Approximate  section  for  a  gravity  dam. 


a  roadway  on  top  of  the  dam,  etc.  With  the  top  width  given, 
the  outline  of  the  face  and  of  the  back  is  then  selected  to  conduce 
to  economy.  Equations  for  economical  profile  with  curved 
face  and  back  have  been  devised,  but  owing  to  the  variability 
of  conditions,  they  are  of  little  general  value.  Low  non-overflow 
dams  are  usually  of  trapezoidal  section,  and  overflow  dams  should 
have  an  ogee  curve  on  the  downstream  face.  In  any  case,  the 
condition  should  be  satisfied  that  there  shall  be  no  tension  in  the 
masonry  at  the  heel  when  the  reservoir  is  full. 

Dams  over  40  ft.  in  height  are  built  more  economically  if  the 
lower  side  or  face  is  in  the  form  of  a  curve  or  of  broken  line.  An 

1  Trans.  Am.  Soc.  C.  E.,  vol.  80,  p.  723. 
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approximate  outline  of  cross  section  can  be  formed  by  a  triangle 
whose  base  is  0.65  of  the  height  and  adding  a  trapezoidal  portion 
at  the  top  having  a  width  of  h/10  to  provide  for  ice  and  wave 
action,  and  a  triangular  portion  at  the  heel  with  a  height  of  H/4 
and  width  of  6/12  to  provide  for  conditions  of  reservoir  empty. 
See  Fig.  87.  Such  an  outline,  rounded  off  somewhat  at  the  toe 
so  that  the  amount  cut  off  is  about  6/12,  and  filled  in  to  an  even 
curve  at  A,  gives  a  fairly  close  approximation  to  the  theoretical 
section  and  may  serve  satisfactorily  in  making  preliminary 
investigations  and  estimates. 

It  is  impossible  to  formulate  general  equations  for  the  deter- 
mination of  the  shape  of  a  dam.  The  only  feasible  procedure  is 
to  design  the  dam,  section  by  section,  beginning  at  the  top  and 
testing  each  section  for  stability  according  to  the  principles 
previously  explained. 

Edward  Wegmann,  C.  E.,  derived  certain  algebraic  equations1 
to  facilitate  the  determination  of  the  length  of  any  joint  of  a 
dam,  or  in  other  words,  the  thickness  at  any  level,  and  these  are 
extracted  below.  Let  W  be  the  weight  of  masonry  resting  on 
this  section,  w  the  specific  weight  of  the  masonry,  and  d  the 
depth  of  water  to  the  section  considered. 

Referring  to  Fig.  88,  re  =  u  +  v  +  n 

H  d/3  =  M  =  Wv,  whence,  v  =  M/W 


W 


=  W  +  (~2^\hw  whence, 


v  = 


W'  +(L±*)hw  and 


W>  +  (-^)hw 

In  the  upper  portions  of  the  profile  where  the  pressure  in  the 
masonry  is  not  large,  u  and  n  will  be  determined  by  the  condition 
that  each  should  equal  x/3.  When,  however,  the  pressures  in 
the  masonry  reach  their  allowable  limits,  the  values  of  u  and  n 
will  have  to  be  determined  by  the  equations  derived  from  the 
trapezoidal  distribution  of  pressures 

u  =  2x/3  -  px2/6W  and  n  =  2x/3  -  qx2/6W 
1  Edward  Wegmann,  "Design  and  Construction  of  Dams,"  p.  17. 
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in  which  p  and  q  are  the  allowable  compressive  stresses  at  the 
face  and  back  of  the  dam  respectively.  Inasmuch  as  the  top 
width  is  in  excess  of  the  actual  needs  for  withstanding  the  hydrau- 
lic pressure,  the  sides  are  continued  vertical  until  one  of  the 
limiting  conditions  is  reached.  It  is  customary  to  investigate  the 
section  in  trapezoidal  segments  10  ft.  in  depth  and  then  make 
the  faces  curved  by  drawing  the  average  outline.  Mr.  Weg- 
mann's  equations  do  not  take  into  account  the  upward  effect 
of  intrusive  water,  hence,  they  should  be  modified  where  the 
hydrostatic  upward  pressure  must  be  taken  into  account. 


<  -  > 
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Fig.  88. — Calculation  of  section  of  a  gravity  dam. 


Stresses  in  a  Dam. — A  graphical  method  of  studying  stresses 
and  stress  distribution  in  a  dam  is  illustrated  in  Fig.  89,  which 
represents  a  section  of  the  dam  1  ft.  long.  In  this  case,  the  dam 
is  divided  into  five  segments,  the  center  of  gravity  Gh  G2,  etc.  of 
the  portion  above  each  division  line  determined  and  the  pressure 
of  the  water  Pi,  P2,  etc.  for  the  various  heights  computed.  The 
pressures,  Pi,  P2,  etc.,  are  laid  off  horizontally  and  the  weights 
Wi,  If  2,  etc.,  are  laid  off  vertically  from  O.  Diagonal  lines  are 
then  drawn  completing  the  triangle  of  forces  for  each  succeeding 
portion  of  the  dam  and  lines  drawn  parallel  to  these  through  the 
intersection  of  the  gravity  lines  with  the  forces,  P,  etc.,  to  ascer- 
tain where  the  resultants  cut  the  sections.  In  a  similar  manner, 
the  wind  pressures  are  computed  for  the  entire  dam  and  laid  off 
on  the  other  side  of  the  load  line  and  the  results  drawn  similarly. 
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It  is  obvious  that  wind  pressures  do  not  greatly  affect  the 
stability  of  a  dam.  The  loads  Ph  P2,  etc.  should  consist  not  only 
of  the  water  pressures,  but  should  include  pressure  from  ice,  silt 
and  waves.  In  the  event  that  fiashboards  are  to  be  used  on 
top  of  the  dam,  the  added  head  should  be  taken  into  account. 
Strictly,  the  last  pressure,  P5,  should  be  inclined  to  be  perpen- 
dicular to  the  back  of  the  dam;  it  represents  only  the  horizontal 
component  as  drawn. 

It  is  desirable  for  good  design  that  the  resultant  of  loads  and 
pressures  should  fall  within  the  middle  third  of  the  section  in 
each  case,  as  previously  stated. 

The  limit  of  the  middle  third  zone  is  indicated  on  the  section. 
In  this  case,  it  is  obvious  that  the  width  of  the  dam  in  all  sections 


Fig.  89. — Graphical  analysis  of  stresses  in  a  gravity  dam. 


above  the  lowest  could  be  decreased  somewhat  and  still  allow 
the  resultant  to  fall  within  the  kern.  The  direct  stresses  at  the 
toe  of  any  section  can  readily  be  calculated  by  the  general  for- 
mula, S  =  W/b(l  +  Qe/b)  where  e  is  the  eccentricity  of  the 
resultant  where  it  cuts  the  base,  W,  the  total  superimposed 


DAMS  AND  SEA  WALLS 


225 


weight  of  the  section  and  b  the  width  of  base  at  the  section 
considered. 

This  formula  gives  the  direct  crushing  stress  at  the  toe  and  at 
the  heel,  but  the  maximum  stress  would  result  from  a  combina- 
tion of  this  compression  stress  with  the  horizontal  shear  stress 
at  that  point  according  to  the  familiar  formula 

s  =  y2sc  +  VksJTs? 

Sc  being  the  direct  compressive  stress  and  Ss  the  shear  stress. 


Fig.  90.  Fig.  91. 

Fig.  91. — Shear  stresses  in  a  masonry  dam. 


The  shear  along  any  plane  AB,  Fig.  91,  should  be  investigated 
as  well  as  the  flexural  stress  along  such  plane.  The  reaction 
of  the  foundation  at  the  toe  may  cause  the  dam  to  rupture  along 
this  plane  unless  the  toe  of  the  dam  is  made  sufficiently  thick  to 
withstand  such  stresses. 

Expansion  and  Contraction  in  a  Dam. — Unless  provision  is 
made  to  allow  for  the  expansion  and  contraction  of  a  concrete 
dam,  cracks  will  occur  due  to  temperature  changes  and  due  to  the 
shrinkage  of  the  concrete.    These  follow  the  planes  of  least 

Footnote. — The  center  of  gravity  of  a  trapezoidal  area  is  readily  found  by- 
graphics  as  follows:  Draw  the  diagonal  AC  dividing  the  quadrilateral  into 
two  triangles.  Find  the  centers  of  gravity  of  each  of  these  by  drawing 
the  median  lines  Bo  and  Do  and  marking  their  third  points  m  and  n. 
The  center  of  gravity  of  the  quadrilateral  is  at  G,  a  distance  mp  from  n, 
Fig.  90. 

15 
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resistance  in  an  irregular  fashion,  marring  the  appearance  of  the 
structure  and  permitting  some  leakage,  although  the  latter  is 
..usually  not  serious. 

Observations1  on  temperature  changes  in  such  structures 
indicate  that  the  internal  temperatures  follow  closely  the  seasonal 
variations  in  temperature  but  not  the  daily  variations.  From 
rather  incomplete  observations,  Thaddeus  Merriman  deduced 
the  total  range  of  temperature  Fahrenheit,  to  be  lZb0/?)^/ D,  D 
being  the  distance  in  feet  from  the  nearest  face  of  the  dam  to  the 
point  in  question  and  135°  being  the  total  range  in  atmospheric 
temperature. 

Reinforcement  at  the  top  of  the  Cross  River  and  Croton  Falls 
dams  apparently  had  very  little  effect  on  the  formation  of  tem- 
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Fig.  92. — Contraction  joints  in  Elephant  Butte  dam. 

perature  cracks.  Recent  practice  favors  the  introduction  of 
expansion  joints  at  intervals  of  40  to  80  ft.,  50  ft.  being  the  most 
common  practice. 

The  usual  type  of  contraction  joint  consists  of  a  triangular  or 
trapezoidal  notch  or  "key way"  in  one  face  of  the  joint  which  is 
allowed  to  fill  with  concrete  when  the  adjacent  section  is  poured. 
However,  before  the  adjoining  section  is  poured,  the  entire  sur- 
face of  the  section  including  the  keyway  is  heavily  painted  with 
tar  or  asphalt.  In  a  large  dam  many  such  notches  or  keyways 
are  placed  in  one  joint  so  that  the  water  in  passing  through  may 
have  as  devious  a  route  as  possible  and  hence  deposit  any  sedi- 
ment, which  will  aid  in  rendering  the  joint  watertight. 

The  introduction  of  expansion  joints  marks  a  step  in  advance 
in  dam  construction,  for  it  not  only  avoids  the  random  appearance 
of  cracks,  but  greatly  facilitates  construction  in  allowing  the 
dam  to  be  built  in  alternate  sections.  In  the  Elephant  Butte 
dam  only  alternate  contraction  joints  extended  to  the  base 

1  Trans.  Am.  Soc.  C.  E.,  vol.  61,  p.  399. 
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from  the  top  of  the  dam.  See  Fig.  93. 1  From  Fig.  92,  it  is  obvious 
how  the  introduction  of  contraction  joints  permits  a  dam  to  be 
constructed  in  sections. 

Single  Arch  Dams. — An  arch  dam  is  one  that  does  not  depend 
solely  upon  gravity  or  the  weight  of  the  dam  section  for  its 
stability,  but  is  arched  in  plan  between  the  sides  of  the  gorge  so 
that  the  pressure  of  the  water  against  the  dam  is  transmitted 
directly  to  the  sidewalls  by  arch  action.  Where  the  walls  of  the 
ravine  or  canyon  are  steep  and  of  solid  rock,  and  the  gorge  is 


Fig.  93. — Elephant  Butte  dam  during  construction. 


narrow,  the  conditions  are  favorable  for  the  construction  of  a 
single  arch  dam. 

The  exact  solution  of  the  stresses  existing  in  an  arch  dam  is 
very  uncertain  and  indeterminate,  except  as  it  is  based  on  certain 
assumptions.  The  chief  indeterminate  factor  is  the  division  of 
resisting  forces  between  ordinary  gravity  dam  action,  vertical 
beam  action  and  the  arch  action.  With  any  assumed  division 
of  the  load,  the  problem  becomes  determinate  and  relatively 
simple.  In  some  cases,  where  the  side  walls  are  very  steep  and 
solid  and  the  gorge  very  narrow,  the  assignment  of  nearly  all  of 
the  load  to  arch  action  is  justified,  whereas  under  less  favorable 
circumstances,  a  less  proportion  should  be  assigned  to  arch  action. 

1  Engineering  News,  Sept.  30,  1915. 
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The  tendency  is  to  assume  more  and  more  of  the  pressure  of  the 
water  to  be  borne  by  the  arch  and  less  by  the  gravity  of  the 
section.  Several  dams  have  been  built  where  the  entire  load  is 
borne  by  the  arch  to  the  side  abutments. 

Under  the  action  of  normal  pressure  which  exists  in  water 
or  other  fluid,  an  arch  ring  at  any  given  height  is  ideally  loaded 
and  the  calculations  are  comparatively  simple,  if  the  sec- 
tion is  assumed  to  act  as  a  simple  arch.  With  a  circular  arch 
plan,  the  stress  at  any  elevation  in  the  dam  may  be  taken  as 
that  of  a  cylinder  subjected  to  uniform  normal  external  pressure, 
or, 

S  =  RP/T  =  62.3  RH/T 

where  S  is  the  compressive  stress  in  the  masonry  in  pounds  per 
square  foot,  R  the  radius  of  curvature  of  the  upper  surface  in 
feet,  P  the  pressure  on  the  upper  face  per  square  foot,  T  the  thick- 
ness of  the  dam  in  feet  at  that  point,  and  H  the  head  of  water  in 
feet  at  the  point  considered. 

The  chief  objection  raised  to  the  cylinder  theory  as  given  above 
is  that  the  ratio  of  the  thickness  of  the  dam  to  the  radius  of 
curvature  is  so  great  that  the  structure  does  not  behave  as  a 
thin  ring.  Other  objections  are  that  the  abutments  are  fixed 
and  that  the  arch  is  subject  to  stresses  resulting  from  temperature 
and  rib  shortening.  A  solution  based  on  the  elastic  theory  of 
arch  action  is  given  by  L.  J.  Mensch  in  the  Transactions  of  the 
Am.  Soc.  C.  E.,  vol.  78,  to  which  the  reader  is  referred. 

In  a  thick  section,  where  the  resultant  will  lie  practically 
within  the  middle  third  of  the  section,  naturally  the  gravity 
action  of  the  dam  will  sustain  most  of  the  load  because  there  is 
not  enough  deflection  of  the  top  of  the  dam  to  allow  the  arch 
action  to  occur,  since  the  top  of  the  dam  is  of  the  longest  arch, 
and  to  permit  arch  action,  there  must  be  some  arch  shortening 
due  to  thrust.  However,  in  a  thin  section,  where  the  resultant 
would  fall  well  without  the  middle  third,  the  dam  would  in  a 
sense  fail  so  far  as  gravity  action  is  concerned,  and  hence,  arch 
action  would  take  most  of  the  load.  Mr  Mensch  in  the  paper 
cited  above  concludes  that  "after  the  resultant  strikes  the  base 
at  the  edge  of  the  middle  third,  the  cantilever  action  in  non- 
reinforced  dams  is  practically  exhausted."  In  other  words, 
where  the  resultant  falls  well  without  the  kern,  the  arch  should 
be  considered  to  take  the  entire  load. 
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Details  of  Design  of  Single  Arch  Dams. — The  arch  angle  most 
commonly  used  for  single  arch  dams  is  about  90°  to  120°, 
although  theoretically  the  least  masonry  will  be  required  where 
the  angle  is  about  133^°.  That  this  is  so  is  shown  as  follows 
by  L.  R.  Jorgensen,  M.  Am.  Soc.  C.  E.1 
Let  w  be  the  width  of  span 

A  be  the  area  of  a  cross  section  of  the  dam 
Rm  be  the  mean  radius 
6  be  the  central  angle  of  the  dam. 
Volume  =  A  X  Rm  X  0  =  KR2m  X  0,  since  A  =  KRm 


K  X 


,_w_y 
\2  sin  0/ 


X  0 


Differentiating  and  equating  to  0,  0  =  approximately  133)^°. 

The  rock  abutments  should  be  excavated  to  be  at  right  angles 
to  the  line  of  thrust  at  the  junction  with  the  canyon  walls  in 
order  to  prevent  sliding.    Figure  94  (a)  is  a  cross  section  of  the 


Stream  Bed 


El  4. 1855 

11.418  1.0 
<-EI.4l63.S 


(a) 

Fig.  94. — Sections  of  arch  dams  (a)  Shoshone,  (b)  Huacal. 


<-EI.4l20.0 


Shoshone  arch  dam  built  by  the  U.  S.  Reclamation  Service  and 
(b)  is  the  Huacal  dam  designed  by  H.  Hawgood,2  M.  Am.  Soc.  C.  E. 
The  former  represents  conservative  design  and  the  latter  is  a 
design  in  which  the  arch  is  assumed  to  carry  the  entire  water 
pressure.  So  far  as  the  author  is  aware,  there  has  never  been  a 
failure  of  an  arch  dam  and  it  is  probable  that  engineers  will 

1  Trans.  Am.  Soc.  C.  E.,  vol.  78,  p.  689. 

2  Trans.  Am.  Soc.  C.  E.,  vol.  78,  p.  564. 
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become  more  and  more  confident  of  the  safety  of  this  type  of 
structure  even  when  no  allowance  whatever  is  made  for  gravity 
and  cantilever  action  and  the  entire  load  is  taken  by  the  arch. 
Figure  95  is  a  picture  of  the  setting  of  the  Shoshone  dam.  Table 
XXII  taken  chiefly  from  Mr.  Hawgood's  paper  referred  to  above 
gives  the  characteristics  of  a  number  of  arch  dams  that  have 
been  built. 


Fig.  95. — Shoshone  arch  dam. 

L.  R.  Jorgensen  points  out  in  his  article  referred  to  above  that 
there  is  a  theoretical  economy  in  making  the  central  angle  of  a 
dam  constant.  Most  ravines  in  which  dams  are  built  are  narrow 
at  the  bottom  in  sort  of  V-shape,  hence  if  the  same  radius  is 
employed  for  the  bottom  of  the  dam  that  is  used  at  the  top,  the 
bottom  portion  is  little  more  than  a  straight  sector.  In  the 
constant  angle  arch  dam,  however,  the  radius  is  decreased  toward 
the  bottom  and  the  central  angle  retained  practically  constant. 
Figure  96  shows  a  cross  section  and  the  dimensions  of  the  Salmon 
River  dam,  which  is  designed  with  a  constant  central  angle. 

Multiple  Arch  Dams. — In  recent  years,  multiple  arch  dams 
are  being  built  with  greater  frequency.  Figure  97  shows  a  front 
and  a  back  view  of  Lake  Hodges  dam  near  Los  Angeles  and  illus- 
trates this  type  of  structure. 
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Inasmuch  as  the  circular  section,  as  usually  built,  is  not 
parallel  to  the  surface  of  the  water,  the  arch  ring  of  unit  length 
is  under  varying  depths  and  consequently  is  subject  to  a  varying 
load.  The  calculation  of  the  stresses  in  such  an  arch  can  be 
readily  made  by  means  of  the  principles  explained  for  an  elastic 
arch  and  need  not  be  explained  in  detail  here.  In  Fig.  98,  con- 
sider a  section  at  right  angles  to  the  cylinder.    The  weight  of  this 
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Fig.  96.- — Section  of  Salmon  River  constant  angle  arch  dam. 

segment,  W,  is  borne  partly,  P,  by  the  reaction  of  the  masonry 
below  and  partly,  N,  by  the  reaction  of  the  arch,  hence,  only  a 
portion  of  the  weight  of  the  segment,  W  cos  d,  will  be  borne  by 
the  arch  ring.  Reinforcing  is  usually  placed  in  multiple 
arch  dams  to  provide  for  temperature  changes,  as  the  stresses 
resulting  from  the  water  pressure  will  probably  never  produce 
tensile  stress  in  the  arch. 

R.  P.  Mcintosh1  gives  an  excellent  outline  of  the  principles 
governing  the  design  of  multiple  arch  dams  from  which  the 
following  is  abstracted: 

Multiple  arch  dams  should  be  constructed  only  in  locations 
where  the  foundations  are  solid  rock  or  can  be  made  perfectly 
solid  artificially  in  order  that  there  may  be  no  settlement  of  the 

1  Engineering  News-Record,  vol.  83,  p.  464. 
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buttresses.  For  dams  higher  than  125  ft.,  the  buttresses  become 
large  and  require  a  great  deal  of  bracing  in  order  to  prevent 
failure  by  buckling,  and  therefore,  for  such  heights,  a  single 


Fig.  97A. — Lake  Hodges  multiple  arch  dam.    Upstream  face. 

arch  dam  or  other  type  will  be  found  the  more  economical. 
For  ordinary  conditions  with  heights  less  than  100  ft.,  the  multi- 
ple arch  dam  may  affect  a  saving  of  10  to  25  per  cent  over  a 


Fig.  97B. — Same.    Downstream  face. 

single  arch  or  a  gravity  dam.  Under  all  conditions  of  water 
load,  the  arches  are  subject  to  compressive  stresses  only  and 
steel  reinforcement  is  required  for  temperature  and  rib  shortening 
only. 

In  deciding  on  the  arch  span,  the  following  points  should  be 
kept  in  mind:  (1)  the  amount  of  concrete  in  the  buttresses  is 
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practically  independent  of  the  length  of  span  of  the  arches;  (2) 
the  span  length  should  be  constant  throughout  the  structure  in 
order  to  minimize  the  form  expense;  (3)  short  span  arches  require 
less  concrete  than  long  spans,  although  they  may  not  be  cheaper 
because  of  the  greater  expense  of  placing  concrete  in  thin  sections 
and  because  of  complications  of  form  work;  (4)  a  certain  mini- 
mum thickness  of  concrete  is  required  for  imperviousness. 


Based  on  these  considerations,  the  most  economical  limits  for 
the  arch  span  will  be  found  to  vary  from  25  to  50  ft.,  the  latter 
span  being  applicable  to  heights  around  100  ft.  The  most 
economical  arch  angle  is  133^°,  but  variations  of  15°  either  way 
from  this  figure  do  not  greatly  affect  the  cost.  The  economical 
slope,  i.e.,  for  minimum  volume  of  concrete,  is  about  50°  with  the 
horizontal  for  the  greater  heights  and  about  60°  for  lower  dams. 

A  preliminary  or  trial  thickness  of  the  arch  can  be  found  by 
the  simple  formula,  t  =  PR/Sa,  where  t  is  the  thickness  in  feet 
for  any  depth,  P  the  water  pressure  in  pounds  per  square  foot,  R 
the  radius  of  the  upstream  face  and  Sa  the  average  working 
compressive  stress  in  pounds  per  square  foot.  It  will  usually  be 
found  necessary  to  increase  the  thickness  in  order  to  secure 
water  tightness,  and  a  practical  thickness  will  have  to  be  pro- 
vided for  the  top  to  care  for  ice,  debris,  etc. 

The  design  of  the  buttresses  is  largely  empirical,  a  minimum 
requirement  being  that  they  shall  be  sufficiently  wide  on  the 
upstream  side  to  accommodate  the  two  arches.  They  should  be 
braced  laterally  to  prevent  buckling  and  the  reinforcement  of  the 
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arch  barrels  should  be  tied  into  the  buttresses.  Figure  99 1  shows 
the  details  of  the  Lake  Eleanor  dam  of  the  Hetch  Hetchy  water 
supply  project. 


fjtork.  Rods? 
**XCfoC. 


(Virtiaal 'Rods.-  . 
*~2'C.toC.  -E 


Fig.  99. — Details  of  Lake  Eleanor  multiple  arch  dam. 

Hollow  Reinforced  Concrete  Dams. — Hollow  reinforced  con- 
crete dams  of  various  forms  have  been  built  with  a  view  to  utiliz- 
ing the  weight  of  the  water  on  the  upstream  slope  to  effect 
stability.  The  usual  type  is  that  of  a  slab  laid  on  buttresses  as 
exemplified  by  the  Jordan  River  dam,  Vancouver,  B.  C.2  This 

1  Engineering  News-Record,  Sept.  4,  1919. 

2  Eng.  Rec,  Jan.  17,  1914. 
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dam  is  126  ft.  high  and  891  ft.  long,  306  ft.  of  which  constitutes  a 
spillway.  The  buttresses  are  18  ft.  centers  and  are  12  in,  thick 
at  the  top  and  3  ft.  6  in.  at  the  bottom.  The  deck  slabs  vary- 
in  thickness  from  15  in.  at  the  top  to  4  ft.  7  in.  at  the  bottom. 
The  horizontal  reinforcement  consists  of  %  in.  square  bars  on 
4  in.  centers  in  the  lower  portion  and  4%  in.  above  the  45-ft. 
level. 

Overflow  Dams,  Wiers  and  Spillways. — Two  considerations 
arise  in  connection  with  overflow  dams  that  do  not  apply  in  the 
non-overflow  type:  (1)  The  effect  of  the  falling  water  and  (2) 
the  design  of  the  crest  for  the  desired  discharge  capacity.  Only 
the  former  phase  of  the  subject  will  be  briefly  treated  here,  as 
the  other  is  a  question  of  practical  hydraulics  and  without  the 
scope  of  the  present  volume.1 

To  provide  for  the  overflow  of  water  it  is  desirable  (1 )  to  make  the 
slope  of  the  downstream  face  conform  to  the  natural  path  of  the 
water  in  order  that  impact  may  be  reduced  to  a  minimum,  and 
(2)  to  provide  some  protection  for  the  toe  of  the  dam  either  by  a 
water  cushion  or  by  an  apron.  The  proper  shape  of  the  lower 
face  would  be  a  parabola  at  the  upper  portion,  which  should 
reverse  into  a  circular  arc  at  the  bottom  (with  perhaps  a  straight 
portion  between),  and  this  circular  arc  should  end  tangent  to  the 
apron,  provided  no  water  cushion  is  employed.  Where  th^re 
is  no  straight  portion  between  the  curves,  this  form  of  a  reverse 
curve  is  called  an  ogee  curve,  and  for  low  dams  usually  consists 
of  two  circular  arcs  reversing  as  above  described. 

If  a  particle  of  water  passes  over  the  crest  of  the  weir  with  an 
initial  velocity  of  vi}  Fig.  82,  the  equation  of  its  path  will  be 


As  the  sheet  of  water  passes  down  the  slope,  it  becomes  thinner 
because  of  the  fact  that  the  velocity  increases  and  the  width 
remains  constant.  It  is  probably  not  necessary  to  enter  into  any 
great  refinement  in  the  design  of  the  shape  of  this  surface  owing 
to  the  variability  of  the  stream's  path  under  wind  pressure  and 
due  to  various  other  influences.  In  Fig.  862  is  illustrated  the 
shape  of  the  spillway  in  the  lower  Otay  dam  as  designed. 

1  See  Water  Supply  and  Irrigation  Paper  200  for  the  results  of  experi- 
ments and  a  full  treatment  of  this  matter. 

2  Engineering  Record,  Aug.  12,  1916. 
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Miscellaneous  Types  of  Dams. — In  addition  to  the  types  of 
dams  previously  described,  there  are  several  which  can  scarcely 


mPFwndathn  TYPICAL  SECTION  Of  UPSTREAM  FACE 

Fig.  100. — Rock  fill  dam  over  Stanislaus  River. 


be  classed  as  masonry  dams,  hence,  only  brief  mention  will  be 
made  of  them,  although  they  have  been  widely  used. 


Fig.  101. — Earth  fill  dam  with  core  wall. 


A  rock  fill  dam  is  made  by  placing  loose  rock  with  more  or  less 
care  to  form  the  body  or  support  and  rendering  it  as  nearly 
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impervious  as  practicable  by  placing  a  concrete  face  over  it,  or 
a  concrete  corewall  through  the  center,  the  former  being  the 
better  practice.  Figure  100 1  shows  the  Strawberry  dam  on 
Stanislaus  river  and  illustrates  an  approved  mode  of  constructing 
a  rock  fill  dam.  Obviously,  the  design  is  empirical  and  need  not 
'  be  discussed  in  detail  here. 

Earth  fill  dams  with  masonry  corewalls  have  been  built  to  a 
considerable  extent  in  the  western  part  of  the  United  States  and 
are  frequently  found  economical  where  masonry  materials  are 
not  readily  available  and  the  foundations  are  not  suitable  to 
masonry  construction.  Figure  101  illustrates  this  type  of  dam 
in  process  of  construction,  being  the  Pleasant  Valley  Irrigation 
dam  near  North  Yakima,  Washington. 

A  timber  crib  dam  is  constructed  by  building  a  timber  crib  and 
filling  it  with  stones,  thus  anchoring  it  to  its  foundation.  Such 
dams  are  sometimes  used  as  diversion  weirs  and  at  times  for 
raising  the  level  of  streams  for  navigation. 

Dam  Foundations. — Perhaps  there  is  no  other  class  of  engineer- 
ing structures  whose  success  is  so  dependent  upon  the  quality 
of  the  foundations,  than  are  masonry  dams.  Masonry  dams 
should  rest  on  solid  rock  if  at  all  possible,  although  a  few  have 
been  set  on  piles  and  on  loose  rock.  However,  when  placed  on 
such  inferior  foundations,  the  section  of  the  dam  should  be 
designed  accordingly  with  sufficient  allowance  for  the  uplift  of 
the  water  beneath  the  dam. 

Usually  the  exposed  surface  of  ledge  rock  is  so  weathered 
that  considerable  excavation  into  the  rock  is  necessary  before  a 
satisfactory  foundation  is  obtained.  Not  only  should  this 
weathered  and  friable  rock  be  removed,  but  the  surface  of  the 
rock  should  be  clean  and  free  from  clay,  etc.,  in  order  that  the 
masonry  may  adhere  to  the  best  advantage.  Thorough  washing 
with  clear  water  from  a  nozzle  is  effective  in  preparing  the  sur- 
face. All  springs  in  the  foundation  should  be  sealed  with  mortar 
or  concrete,  or  provision  made  for  piping  away  the  water. 
Thorough  drainage  of  dam  foundations  is  of  primary  impor- 
tance, where  the  foundation  is  not  solid  rock. 

Where  the  foundation  rock  is  seamy  and  otherwise  unsatis- 
factory to  a  depth  too  great  to  be  removed,  it  is  necessary  to  con- 
struct a  cutoff  wall  to  such  depth  as  will  render  the  leakage  of 
water  so  small  as  to  be  unobjectionable.    Two  methods  have 
1  Engineering  Record,  Aug.  26,  1916. 
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been  used  in  the  construction  of  such  a  cutoff  wall,  (1)  by  a 
trench  along  the  heel  of  the  dam  which  is  filled  with  concrete, 
and  (2)  by  forcing  cement  grout  under  pressure  into  the  founda- 
tion rock  through  drilled  holes.  The  former  method  is  much  the 
more  efficacious  where  it  can  be  constructed  at  reasonable  cost 
owing  to  the  presence  of  satisfactory  rock  at  no  great  depth. 
The  process  need  not  be  described  in  detail,  although  attention 
should  be  called  to  the  danger  of  unduly  and  injuriously  shatter- 
ing the  rock  in  the  main  part  of  the  foundation  by  the  blasting 
in  the  cutoff  trench. 

The  procedure  in  grouting  a  cutoff  wall  has  been  described  in 
several  excellent  articles1  and  need  not  be  given  in  detail  here. 
The  process  consists,  in  brief,  of  drilling  about  two  rows  of  holes 
about  3  in.  in  diameter  from  3  to  15  ft.  apart  in  the  rows,  the 
rows  being  about  3  to  6  ft.  apart  and  forcing  cement  grout  into 
these  holes  and  allowing  it  to  penetrate  the  crevices  thus  rendering 
the  rock  impervious.  These  holes  can  be  driven  to  a  depth  of  50 
ft.  or  so  and  the  grouting  done  at  much  less  expense  than  that 
involved  in  the  construction  of  a  trench  and  cutoff  wall  of  the 
usual  type.  Each  hole  should  be  grouted  immediately  after 
it  is  drilled  and  before  other  holes  are  drilled  in  that  vicinity  in 
order  that  the  grout  may  not  escape  into  the  neighboring  holes. 
The  process  of  grouting  has  not  been  proved  entirely  effective  by 
experience  and  should  be  used  only  supplementary  to  more 
reliable  processes.  The  chief  difficulty  is  that  the  grout  follows 
crevices  offering  the  least  resistance  and  does  not  fill  the  seams 
and  voids  that  will  prevent  leakage  of  water. 

It  sometimes  occurs  that  a  masonry  dam  has  to  be  built  on 
loose  rock,  hardpan,  gravel,  or  other  material  than  bed  rock,  and 
the  engineer  will  have  to  exercise  extreme  care  to  assure  the 
success  of  the  structure.  Such  a  structure  should  be  limited  in 
height  and  every  precaution  possible  taken  to  exclude  and  drain 
water  from  the  foundaton.  Driving  interlocking  steel  sheet 
piling  as  a  cutoff  at  the  heel  is  perhaps  the  most  effective  device 
together  with  thorough  underdrainage.  The  velocity  of  under- 
flow varies  inversely  with  the  length  of  "enforced  percolation" 
or  the  distance  of  creep,  which  is  the  total  distance  water  must 
travel  from  the  heel  of  the  dam  to  the  point  in  question.  For 

i  See  articles  in  Trans.  Am.  Soc.  C.  E.,  vol.  78,  Engineering  News, 
Apr.  3,  1913,  Engineering  Record,  Dec.  12,  1914,  and  Engineering  News- 
Record,  June  28,  1917. 
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example,  the  enforced  percolation  under  sheet  piling  would  be 
twice  the  depth,  i.e.,  down  one  side  and  up  the  other.  W.  B. 
Bligh,1  an  engineer  of  wide  experience,  recommends  that  this 
enforced  percolation  should  be  5  to  18  times  the  head  on  the 
dam,  depending  on  the  perviousness  of  the  soil,  in  order  to 
prevent  harmful  velocity  of  underflow.  The  larger  figure  is 
for  fine  sand  or  silt  and  the  lower  for  clay,  shale,  or  a  mixture  of 
clay  and  boulders.  The  construction  of  an  upstream  apron 
with  shallow  cutoff  walls  connected  integrally  with  the  dam,  is 
perhaps  next  to  sheet  piling,  the  most  effective  means  of  securing 
a  large  enforced  percolation  and  hence  the  stability  of.  a  dam  on 
porous  foundations. 

Although  it  may  not  be  possible  always  to  secure  ideal  ledge 
rock  for  foundations  so  that  the  engineer  may  be  compelled  to 
set  a  dam  on  porous  materials,  effort  expended  to  secure  the  best 
foundations  practicable  will  usually  be  well  spent,  for  a  study  by 
the  author  of  practically  all  failures  of  dams  recorded  in  technical 
literature,  some  300  in  all,  demonstrated  that  the  most  prolific 
source  of  failure  by  far  was  insecure  foundations. 

Investigation  of  the  Dam  Site— The  character  of  the  dam  site 
will  largely  control  the  design  of  the  dam  itself,  hence  a  careful 
investigation  should  be  made  of  the  site  before  determining  the 
type  of  structure  to  be  built.  The  principal  features  that  the 
engineer  should  consider  are : 

1.  Availability  of  rock  foundation; 

(a)  Does  the  rock  extend  over  the  entire  site; 

(b)  Is  the  rock  continuous  with  the  surrounding  formations  or  is  it 
separated  by  faults; 

(c)  Will  the  rock  present  sustain  the  pressures  required  of  it; 

(d)  Is  the  rock  solid  or  is  it  seamy  to  the  extent  that  serious  leakage 
will  occur  through  it; 

(e)  Total  depth  of  the  rock  bed; 

(/)  Depth  of  overlying  material  to  be  removed  before  solid  rock  is 
exposed. 

2.  Features  that  will  further  determine  the  type  of  dam : 

(a)  Possibility  of  arch  dam — steep  solid  canyon  walls — shape  of  the 
gorge,  etc.; 

(b)  Possibility  of  rock  fill  dam — loose  rock  easily  available  from 
heights  above  site,  etc.; 

(c)  Possibility  of  sluicing  an  earth  dam— availability  of  suitable 
material  at  proper  elevation  above  site — availability  of  water 
supply,  etc. 

1  Engineering  News,  Dec.  29,  1910. 
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3.  Materials  to  be  used  in  construction: 

(a)  Availability  of  coarse  and  fine  aggregates  and  water  for  concrete; 

(b)  Availability  of  suitable  stone  for  built  up  masonry; 

(c)  Transportation  facilities  for  cement  and  other  materials  not 
locally  available; 

(d)  Available  power  for  operating  machinery. 

Borings  should  be  made  covering  the  entire  site  to  establish 
the  nature  of  the  foundations  and  careful  logs  should  be  kept  of 
such  borings.  After  these  are  completed,  they  should  be  plotted 
into  cross  sections  showing  the  probable  distribution  of  strata 
as  shown  in  Fig.  102.1  For  further  discussion  on  foundations, 
see  Chap.  XIII,  XIV  and  XV. 

Factors  Affecting  the  Cost  of  a  Dam— The  cost  of  a  dam  will 
depend  upon  a  number  of  factors,  chief  of  which  may  be 
mentioned : 

1.  The  location  of  the  site 

2.  The  nature  of  the  site 

3.  The  availability  of  local  materials 

4.  The  availability  of  a  labor  market 

5.  The  availability  of  power,  electric  lines,  coal,  etc. 

6.  Transportation  facilities 

7.  The  methods  used  in  construction. 

If  the  dam  is  being  built  at  a  location  in  a  mountain  canyon 
far  removed  from  any  city  or  railroad,  where  no  wagon  road 
exists  and  all  materials  and  labor  have  to  be  brought  to  the  site 
with  great  difficulty,  the  conditions  are  unfavorable  for  a  low 
cost,  while  if  the  site  is  near  a  city  on  a  railroad  with  a  good 
market  for  materials  and  labor,  with  good  highways  for  local 
haulage,  and  with  cheap  power  available,  the  conditions  are  most 
favorable. 

The  chief  materials  used  in  dam  construction  are  cement, 
sand,  stone,  lumber,  steel,  water  pipe,  fuel,  explosives,  repairs, 
and  operating  machinery  (mixers,  conveyors,  etc.).  In  a  few 
instances,  cement  rock  has  been  found  available  near  the  site  for 
making  cement  or  hydraulic  lime  and  the  necessity  of  transport- 
ing cement  thus  avoided.  Where  sand  is  not  to  be  had  near  the 
site,  the  feasibility  of  crushing  a  local  rock  into  fine  aggregate 
may  have  to  be  considered  in  comparison  with  shipping  sand. 
Obviously,  it  would  be  a  mistake,  to  construct  a  masonry  dam 
where  the  stone  is  not  locally  available;  and  where  stone  is 

1  Taken  from  C.  W.  Smith,  "Construction  of  Masonry  Dams." 
16 
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near  by  the  ease  with  which  it  may  be  quarried  and  prepared  will 
have  a  marked  effect  on  the  cost  of  the  structure.  The  cost  of  the 
other  items  depends  chiefly  upon  the  facilities  of  transportation. 

The  method  of  procedure  best  adapted  to  low  cost  of  construc- 
tion will  be  that  which  most  completely  substitutes  machine 
power  for  man  power.  This  element  is  the  chief  factor  in  causing 
concrete  dams  to  be  cheaper  than  built  up  masonry  dams,  in 
that  the  concrete  can  be  placed  almost  entirely  by  machine 
power  and  manual  labor  reduced  to  a  minimum.  Moreover, 
modern  methods  of  depositing  concrete  which  eliminate  derricks 
from  the  top  of  the  dam  so  far  as  practicable  lessen  the  cost  and 
expedite  the  work. 

The  availability  of  cheap  power  under  modern  methods  of 
construction  will  have  a  great  influence  on  the  cost  of  construc- 
tion. Were  coal  is  near  at  hand,  or  electric  power  from  nearby 
lines  can  be  purchased  cheaply,  or  where  hydraulic  power  can  be 
cheaply  developed,  the  conditions  are  most  favorable.  Electric 
power  is  generally  the  most  convenient  as  well  as  the  most 
economical  form  of  power  for  use  in  dam  construction. 

Architectural  Treatment  of  Masonry  Dams— Where  a  masonry 
dam,  as  well  as  any  other  engineering  structure,  is  located  near 
centers  of  population  and  will  inevitably  be  viewed  daily  by 
many  people,  it  is  desirable  that  it  be  treated  in  such  a  way 
architecturally  that  it  will  add  to  the  landscape  rather  than 
detract  from  the  surroundings.  A  high  masonry  dam  for 
impounding  water  is  usually  impressive  because  of  its  mass,  yet 
breaking  up  the  monotony  of  its  plain  face  may  add  greatly  to 
its  sightliness.  The  following  excerpt  taken  from  an  article 
on  "The  Architecture  of  the  Kensico  Dam,"  by  Alfred  D.  Flynn1 
contains  many  of  the  essential  principles  involved  in  the  improve- 
ment of  the  appearance  of  a  masonry  dam: 

"After  visiting  a  number  of  masonry  dams,  the  architects  remarked 
that  all  these  dams  lacked  a  definite,  visible  base,  that  few  had  satis- 
factory cornices  or  entablatures,  that  architectural  composition  had  been 
neglected,  and  that  in  most  of  these  structures  there  was  little  to  give 
scale— no  feature  of  readily  appreciated  size  with  which  the  beholder 
could  measure  the  main  structure  and  gain  some  adequate  apprehension 
of  its  magnitude.  Architecturally,  then,  th(?  problem  of  Kensico  dam 
may  be  stated  as  the  securing  by  means  of  suitable  composition  and 
embellishment  of  an  adequate  expression  of  the  strength,  magnitude, 

1  Engineering  News,  Sept.  2,  1915. 
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importance  and  dignity  of  this  great  mass  of  masonry,  and  the  water- 
supply  system  of  which  it  is  a  part,  in  harmony  with  its  purpose  and  its 
elemental  structural  character. 

"The  long,  lofty,  straight,  level  line  of  the  dam's  top  as  viewed  from 
downstream,  the  equal  of  which  is  not  to  be  found  in  any  other  kind  of 
masonry  structure,  has  been  preserved  unbroken,  but  is  strongly  termi- 
nated by  massive  circular  pavilions  of  cut  granite,  which  will  serve  also 
as  shelters  for  visitors.  Between  the  pavilions  extend  stone  parapets 
of  very  simple  design,  about  3  ft.  high,  bounding  the  roadway.  From 
these  pavilions  beautiful  views  can  be  enjoyed  across  the  reservoir  and 
the  surrounding  hill  country.  In  the  base  of  each  pavilion  storage  space 
is  available  for  tools  and  materials.  On  the  upstream  side  of  the  dam 
steps  and  ramps  lead  down  to  the  water  surface  from  these  pavilions.' 
The  roadway  on  top  of  the  dam  is  to  be  paved  with  vitrified  brick  blocks 


Fig.  103. — Architectural  rendering  of  Kensico  dam. 

"For  a  base  in  the  architectural  composition  of  the  downstream  face 
of  the  dam  a  paved,  level  terrace  has  been  provided,  30  ft.  wide  and  1,025 
ft.  long  across  the  valley  bottom,  and  continued  up  the  hill  slopes  by 
ramps  20  ft.  wide  terminating  at  the  circular  pavilions  marking  the  ends 
of  the  top  of  the  dam.  The  terrace  pavement  is  10  ft.  above  the  ground 
immediately  in  front  of  it  and  is  supported  by  a  massive  cut-stone  wall. 
Beneath  the  terrace  are  a  valve  chamber  and  storage  spaces.  The 
downstream  face  of  the  dam  is  naturally  divided  into  three  parts— the 
central  portion  of  uniform  height  and  two  triangular  wings  on  the  hill- 
sides. This  division  is  emphasized  architecturally  by  placing  a  pylon 
at  each  end  of  the  central  portion,  with  two  small  square  pavilions  at  the 
foot  of  each  pylon,  on  the  terrace,  and  steps  leading  down  to  the  ground 
level,  between  these  pavilions. 

"Since  the  contraction  joints  are  an  evident  structural  feature,  they 
were  made  also  a  dominant  motif  in  the  architectural  composition,  as 
will  be  at  once  observed  when  looking  at  the  dam  or  pictures  of  it  (see 
Fig.  103).  A  broad,  rusticated  band  of  large,  very  roughly  cut  stones 
marks  one  edge  of  each  contraction  joint.  The  space  between  adjacent 
bands  naturally  becomes  a  panel,  bounded  top  and  bottom  by  the  en- 
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tablature  and  the  base,  or  terrace.  Around  the  margin  of  each  panel  is 
a  narrow  border  of  relatively  smoothly  cut  stones,  while  the  field  is 
composed  of  "roughly  squared"  stone  masonry,  relieved  and  controlled 
by  square  cut-stone  headers  projecting  slightly  and  arranged  in  a 
diamond  pattern.  One  notable  characteristic  of  the  masonry  facing 
is  the  coarseness  and  simplicity  of  the  stone  cutting;  another  is  the  very 
large  size  of  many  of  the  stones,  and  the  third  is  the  strong  color  contrasts 
in  the  stone. 


Fig.  104. — Entablature  near  the  top  of  Kensico  dam. 


"In  the  torus  of  the  entablature  all  stones  are  4  ft.  high;  many  are  5 
to  8  ft.  long,  and  weigh  9  to  14  tons  each.  The  frieze  is  6  ft.  6  in.  high, 
in  one  course,  and  most  of  its  stones  weigh  10  to  14  tons  or  more.  See 
Fig.  104.  Only  sufficient  carving  of  the  crudest  sort  has  been  done  on 
these  frieze  stones  to  develop  the  very  simple  design.  At  the  bottom 
of  each  rusticated  band  is  a  kneeler  made  up  of  five  stones,  weighing 
together  51  tons.  In  the  panel  fields  no  stones  have  exposed  faces  less 
than  %  sq.  ft.  in  area,  and  at  least  50  per  cent,  of  the  exposed  face  of 
the  roughly  squared  stone  masonry  in  the  dam  consists  of  stones  each 
having  a  face  area  greater  than  6  sq.  ft.  In  general,  as  many  stones  as 
possible  are  as  large  as  it  is  practicable  to  handle.  To  give  further 
boldness  and  suggestion  of  strength  to  the  masonry,  most  of  the  joints 
are  wide  and  are  recessed.  The  struggle  has  been  to  secure  a  general 
surface  texture  which  would  not  seem  too  smooth  and  flat,  and  conse- 
quently uninteresting  when  beheld  from  a  point  remote  enough  to 
afford  a  comprehensive  view. 

"Fortunately,  the  local  gneissoid  granite,  which  for  economic  reasons 
was  used  for  the  concrete  and  cyclopean  masonry,  proved  to  be  a 
beautiful  stone  for  the  architectural  features.    Its  grain  varies  from 
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that  of  a  straight-banded  gneiss  through  curly  and  knotted  varieties 
to  that  of  a  true,  massive  granite.  Large  pegmatite  intrusions  are 
frequent.  In  color  the  range  is  from  light  gray  to  strong  pink,  with 
green,  black  and  white  streaks  and  areas,  due  to  different  mineralogical 
ingredients,  and  deep  russets  and  browns  on  seam  faces.  Of  all  these 
characters  of  the  stone  the  architects  have  skillfully  taken  advantage, 
although  in  so  doing  they  have  sturdily  disregarded  the  older  conceptions 
of  good  engineering  masonry,  for  which  it  was  commonly  specified  that 
the  stone  should  be  uniform  in  color  and  texture  and  in  which  very 
narrow  joints  were  regarded  as  necessary." 

"There  appear,  therefore,  as  original  elements  in  the  architectural 
design  of  this  dam:  (1)  The  division  of  the  wall  into  panels  by  bands  of 
rusticated  stone  indicating  the  contraction,  or  expansion,  joints;  (2)  the 
substitution  of  an  adequate  treatment  for  the  usual  "cornices";  (3)  the 
provision  of  a  base  and  ramps  which  receive  the  flanking  hills;  (4) 
the  introduction  of  smaller  structures,  treated  as  integral  parts  of  the 
design  of  the  dam;  (5)  the  pools,  or  artificial  water  below  the  dam;  (6) 
the  foreground  layout  which  also  is  connected  intimately  with  the 
design  of  the  wall  itself ;  and  (7)  the  planting  of  the  foreground  in  such  a 
manner  as  to  give  the  best  effect  and  to  require  the  least  expense  to 
maintain." 

Sea  Walls. — A  breakwater,  sometimes  called  a  mole  or  jetty,  is  a 
structure  built  to  protect  a  harbor  from  the  action  of  the  sea. 
Its  function  is  to  break  up  the  heavy  waves  and  to  prevent  their 
doing  damage  to  the  shipping  in  the  harbor  or  to  structures  on 
the  land.  The  chief  destructive  agencies  acting  against  a  break- 
water are  the  buoyant  effect  of  the  sea  water,  the  washing  of  the 
moving  water,  and  the  impact  of  the  waves. 

There  are  two  principal  types  of  breakwaters,  namely  (a)  the 
mound  type  and  (b)  the  wall  type.  The  former  consists  simply 
of  a  wall  of  rock  dumped  from  scows  into  place  until  the  surface 
of  the  water  is  reached  and  then  laid  with  somewhat  more  care 
above  the  surface.  The  latter  usually  consists  of  a  masonry 
wall  resting  on  a  mound  of  stone  formed  as  above,  although  it 
may  rest  on  concrete  piling  or  other  support.  On  account  of  the 
tendency  of  the  waves  to  strike  the  wall  and  fall  back  on  the 
mound,  thus  loosening  the  stones  of  the  latter,  the  wall  should 
either  be  well  above  the  high  water  line  or  else  it  should  begin 
at  least  20  ft.  below  low  water  in  order  that  the  superstructure 
may  not  be  undermined.  A  breakwater  should  preferably  be 
located  obliquely  to  the  line  of  action  of  the  waves  in  order  to 
diminish  the  overturning  effect  of  the  latter. 
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A  sea  wall  proper  is  a  wall  placed  along  a  sandy  shore  for  the 
protection  of  the  shore  and  the  structures  located  thereon.  The 
destructive  forces  acting  on  a  sea  wall  are  impact  of  the  waves  and 
the  undermining  influence  of  the  washing  of  the  water.    A  sea 
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Fig.  105. — Sections  of  existing  sea  walls. 

wall  usually  has  connected  with  it  as  a  more  or  less  integral 
part,  a  groin  or  sloping  revetment  of  masonry  for  the  further 
protection  of  the  sandy  beach. 

Owing  to  the  fact  that  the  design  of  sea  walls  is  largely  empiri- 
cal, there  have  been  many  different  types  constructed,  several  of 
which  are  illustrated  in  Fig.  105.1 

The  impact  of  waves  to  which  sea  walls  are  subjected  results 

1  Engineering  Record,  Jan.  29,  1916. 
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from  "translatory"  waves  as  distinguished  from  "oscillatory" 
waves.  The  waves  in  mid-ocean  are  oscillatory,  the  particles  of 
water  scarcely  advancing  any,  if  at  all.  However,  when  an 
oscillatory  wave  comes  into  shallow  water,  the  bottom  is  retarded 
causing  the  front  of  the  wave  to  increase  in  steepness  until  it 
overhangs,  and  then  the  wave  breaks  and  becomes  "translatory. " 
Waves  break  when  the  depth  of  water  becomes  about  equal  to  the 
height  of  the  wave.  Oscillatory  waves  in  mid-ocean  probably 
never  exceed  50  ft.  in  height,  while  breaking  waves  have  been 
known  to  exceed  twice  that  height. 


Fig.  106. — Section  of  sea  wall  at  Galveston. 


The  dynamic  effect  of  high  waves  at  breaking  is  much  more 
than  the  mere  hydrostatic  pressure  of  the  water,  for  waves 
traveling  at  41  ft.  per  second  corresponding  to  a  pressure  head  of 
1,622  lbs.  per  square  foot,  have  been  known  to  exert  an  impact  of 
6,000  lbs.  per  square  foot.1  Few  observations  have  been  made 
on  the  force  exerted  by  the  breaking  of  waves  against  a  surface, 
but  in  general,  it  has  been  demonstrated  to  be  lessened  by  curving 
the  face  of  the  sea  wall  so  that  the  force  of  the  wave  is  the  more 
gradually  dissipated.  Figure  106  shows  a  section  of  the  sea  wall 
built  at  Galveston  in  1919. 

1  Wm.  Shield,  "Principles  and  Practice  of  Harbor  Construction,"  p.  41. 
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RETAINING  WALLS  AND  QUAY  WALLS 

Introduction. — A  retaining  wall  is  a  wall  built  to  retain  earth 
or  similar  material  and  is  subjected  to  the  lateral  pressure  of 
the  earth  behind  it.  It  is  thus  distinguished  from  a  bearing  wall, 
which  is  a  vertical  wall  supporting  a  structure  or  other  load  and 
is  subjected  primarily  to  vertical  loads. 

A  breast  wall  is  one  built  to  retain  an  undisturbed  bank  of 
earth  or  of  loose  rock. 

A  retaining  grillage  is  a  grillage  built  to  retain  earth  deposited 
behind  it. 

A  slope  wall  is  a  protective  wall  constructed  at  approximately 
the  natural  slope  of  the  earth  bank  retained. 

A  quay  wall  is  a  wall  built  to  retain  the  earth  of  a  dock  or  quay 
and  at  the  same  time  protect  the  dock  or  quay  against  the 
action  of  the  water,  which  consists  of  pressure  and  abrasion. 

There  is  probably  no  other  type  of  engineering  structure  that 
has  been  the  subject  of  more  discussion  and  controversy  than 
have  retaining  walls  with  respect  to  their  principles  of  design. 
Some  engineers  have  contended  that  the  factors  controlling  their 
design  are  so  indeterminate  that  it  is  not  worth  while  to  do  more 
than  follow  precedent  and  rule  of  thumb  methods  in  their  design, 
while  others  have  maintained  that  the  forces  acting  on  a  retaining 
wall  are  as  definite  as  those  acting  on  most  engineering  structures, 
such  as  dams,  bridges,  buildings,  conduits,  etc.  The  truth  of 
the  matter  doubtless  lies  somewhere  between  these  extremes,  and 
while  the  forces  acting  are  somewhat  indefinite  owing  to  lack  of 
information  concerning  the  materials  retained,  yet  with  certain 
assumptions  concerning  the  behavior  of  these  materials,  the 
design  of  a  retaining  wall  becomes  a  determinate  problem,  and 
more  satisfactory  results  are  obtained  if  the  wall  is  designed 
accordingly.  In  other  words,  as  in  other  structures,  the  best 
engineering  practice  requires  the  reduction  of  unknown  factors 
to  their  simplest  terms  and  the  introduction  of  empirical  coeffici- 
ents and  estimated  terms  in  lieu  of  observed  or  rational  factors 
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to  the  least  possible  extent.  The  indeterminate  factors  arise 
from  the  lack  of  knowledge  regarding  the  behavior  of  the  mate- 
rials retained  and  not  with  regard  to  the  effect  of  these  forces 
after  they  have  been  ascertained.  Moreover,  in  the  design  of 
reinforced  concrete  retaining  walls,  in  order  to  proportion  the 
steel  properly,  it  is  necessary  to  determine  the  stresses  in  the  wall, 
and  in  order  to  know  the  distribution  of  pressure  on  the  founda- 
tion, it  is  likewise  necessary  to  know  the  forces  acting. 

The  present  chapter  is  not  an  exhaustive  treatise  on  the  subject 
in  any  sense,  but  its  purpose  is  rather  to  indicate  the  underlying 
principles  and  to  indicate  a  practical  method  of  design. 

Types  of  Wall  Sections. — Retaining  walls  may  be  classified 
as  follows  according  to  the  type  of  wall  section  employed: 

A.  Gravity  walls: 

(a)  Plain  walls; 

1.  Back  vertical; 

2.  Back  inclined  from  the  fill — plain  or  stepped; 

3.  Back  inclined  toward  the  fill; 

(b)  Buttressed  wall; 

(c)  Walls  with  relieving  arches; 

B.  Reinforced  concrete  walls: 

(a)  Plain  cantilever  walls; 

(b)  Fillet  cantilever  walls; 

(c)  Counterfort  walls; 
(e)  Anchored  walls. 

Gravity  walls  are  those  which  by  the  mere  inertia  of  their 
mass  resist  the  thrust  of  the  retained  earth.  They  may  be  built 
of  brick,  stone  or  plain  concrete. 

Reinforced  concrete  walls,  in  addition  to  the  mass  of  the  walls 
themselves,  are  so  designed  as  to  utilize  the  weight  of  the  earth 
load  on  the  footing  to  resist  the  lateral  thrust  of  the  fill. 
Anchored  walls  depend  to  an  extent  for  their  stability  upon  tie 
rods  anchored  in  the  fill,  or  extending  through  the  fill  to  a  simi- 
lar wall  on  the  other  side. 

Stability  of  Retaining  Walls. — The  stability  of  a  retaining 
wall  depends  upon  the  nature  and  magnitude  of  the  forces  acting 
on  the  wall.  Four  conditions  of  loading  of  a  retaining  wall  may 
be  recognized: 

1.  The  surcharge  is  zero;  that  is,  the  earth  is  level  back  from  the  wall 
and  there  is  no  superimposed  load  resting  on  the  fill. 

2.  The  surcharge  consists  of  a  sloping  bank,  back  and  upward  from  the 
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top  of  the  wall,  usually  at  the  angle  of  natural  repose  of  the  material;  that  is, 
the  angle  of  surcharge  is  positive. 

3.  The  retained  material  has  a  downward  slope  from  the  top  of  the  wall; 
that  is,  the  angle  of  surcharge  is  negative. 

4.  The  surcharge  consists  of  a  superimposed  load  on  the  fill  behind  the 
wall,  such  as  a  building,  a  railroad  track  with  train,  a  platform,  machinery, 
etc. 

The  problem  of  designing  a  retaining  wall,  therefore,  reduces 
itself  to  determining  the  magnitude,  direction  and  point  of 
application  of  the  forces  to  which  the  wall  is  subjected  andthe 
selection  of  a  structure  that  will  hold  these  forces  in  equilibrium 
with  the  proper  factor  of  safety.  These  forces  may  cause  the 
failure  of  a  retaining  wall  in  one  or  more  of  four  ways: 

1.  The  pressure  may  cause  the  wall  to  slide  forward  on  its  base. 

2.  The  pressure  behind  may  cause  the  wall  to  overturn  by  rotating  about 
the  toe,  due  either  to  insufficient  resisting  moment  or  to  the  failure  of  the 
foundation  at  the  toe. 

3.  The  masonry  may  fail  at  the  toe. 

4.  The  wall  may  fail  due  to  insufficient  strength  at  a  section  in  flexure  or 
in  shear;  such  section  may  be  either  in  the  body  of  the  wall  or  in  the  footing. 

The  nature  of  the  forces  acting  and  the  methods  of  design  to 
sustain  them  will  now  be  studied. 

Nature  of  Pressures  Encountered— Earth,  gravel,  sand,  etc. 
and  viscous  materials  occupy  a  position  between  perfect  liquids 
on  the  one  hand  and  perfect  solids  on  the  other,  so  far  as  the 
pressures  exerted  are  concerned.  Liquids,  with  negligible  inter- 
nal friction  and  cohesion,  exert  a  lateral  pressure  equal  to  the 
vertical  pressure  at  any  point  in  the  body  of  the  liquid,  while 
solids  exert  only  a  downward  pressure  (so  far  as  practical  design 
is  concerned)  equal  to  the  weight  of  the  solid.  These  intermedi- 
ate materials  exert  a  lateral  pressure  that  is  a  fractional  part  of 
the  vertical  pressure,  and  the  ratio  between  the  lateral  and  verti- 
cal unit  pressures  at  any  point  depends  upon  the  character  of 
the  material.  Of  these  intermediate  materials,  then,  the  follow- 
ing classes  may  be  recognized,  which  will  serve  the  present  pur- 
pose, although  the  classes  are  not  mutually  exclusive: 

1.  Granular  materials,  such  as  dry  sand,  loose  dry  earth,  grain,  fine 
coal,  fine  gravel,  ashes,  cement,  etc.,  in  which  the  particles  are  devoid  of 
cohesion  and  marked  angularity  and  are  held  in  their  place  by  their  mutual 
reactions  on  each  other. 
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2.  Fragmental  materials,  such  as  coal,  ore,  crushed  stone,  coarse  pebbles, 
slag,  cinders,  coke,  etc.,  in  which  the  shape  or  angularity  of  the  fragments 
influences  the  action  of  the  particles  upon  each  other. 

3.  Viscous  materials,  such  as  light  tar,  thin  asphalt,  heavy  oils,  wet  mortar, 
wet  concrete,  puddled  earth,  etc.,  in  which  cohesion  is  an  important  factor 
in  holding  the  particles,  but  the  material  takes  on  more  nearly  the  properties 
of  fluids. 

4.  Plastic  materials,  such  as  moist  clay  and  earth,  heavy  tar  and  asphalt, 
plastic  mortar  and  concrete,  etc.  in  which  friction  and  cohesion  hold  the 
particles  in  their  mutual  relations. 

Many  experiments  have  been  made  by  various  persons  on  the 
behavior  of  granular  materials  and  elaborate  theoretical  analyses 
have  been  made  based  on  the  conception  of  a  theoretical  granular 
material,  such  as  small  spheres,  and  most  of  the  commonly 
accepted  theory  of  retaining  walls  is  based  on  these  observations 
and  analyses.  Attention  should  be  called  to  the  fact  that  all 
observations  that  have  been  carefully  made,  so  far  as  the  author 
is  aware,  corroborate  entirely  the  results  of  the  theoretical 
analyses. 

The  author  has  conducted  experiments  at  various  times  on 
the  behavior  of  wheat  and  of  sand  as  representative  of  granular 
materials;  on  crushed  limestone  passing  a  1-in.  screen,  chats 
passing  a  %-in.  screen,  and  cinders,  as  representing  fragmental 
materials,  and  on  moist  red  clay  as  representing  plastic  materials. 
The  essential  laws  of  behavior  of  these  materials,  as  they  may 
affect  the  design  of  a  wall  to  retain  them,  may  be  stated  as  follows, 
so  far  as  the  observations  available  justify: 

Granular  Materials. — (1)  When  unlimited  in  extent,  the  lateral 
as  well  as  the  vertical  pressure  at  any  point  in  the  body  of  the 
material  varies  as  the  depth,  the  former  being  a  constant  proper 
fraction  of  the  latter.  (2)  The  amount  of  this  fraction  depends 
upon  the  angle  of  internal  friction  between  the  particles,  or 
essentially,  the  angle  of  repose.  (3)  There  is  no  active  pressure 
upward  at  any  point.  (4)  The  active  pressure  at  any  point  is  a 
small  fraction  of  the  passive  pressure. 

Fragmental  Materials .— (1)  The  vertical  pressure  varies  as  the 
depth,  but  the  unit  lateral  pressure  decreases  with  the  depth  until 
a  point  is  reached  where  the  material  acts  as  a  solid,  exerting  no 
lateral  pressure.  This  latter  fact  results  apparently  from  the 
interlocking  of  the  fragments  due  to  their  angularity.  (2)  The 
depth  at  which  this  lateral  pressure  disappears  depends  upon  the 
size  and  shape  of  the  fragments. 
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Plastic  Materials. — (1)  The  lateral  as  well  as  the  vertical 
unit  pressure  varies  with  the  depth,  the  former  being  a  constant 
proper  fraction  of  the  latter.  (2)  The  relation  between  the 
lateral  and  vertical  pressure  depends  upon  the  plasticity  of  the 
material. 

Viscous  materials  doubtless  represent  a  gradation  between 
plastic  materials  and  fluids.  Additional  experimental  observa- 
tions are  needed  to  furnish  the  specific  constants  concerning 
many  of  the  above  materials. 

The  experiments  that  have  been  made  on  pressures  in  earth 
and  similar  materials  in  an  unconfmed  state  are  for  shallow 
depths  only,  and  it  may  be  that  these  laws  of  pressure  do  not 
apply  for  greater  depths.  The  greater  pressures  may  compress 
the  materials  to  such  an  extent  that  they  behave  more  nearly  as 
a  solid  with  a  diminished  ratio  between  the  lateral  and  the 
vertical  pressures.  Most  retaining  wall  failures  have  occurred 
in  walls  of  heights  12  to  25  feet  with  practically  none  in  walls 
higher  than  30  feet,  which  fact  may  indicate  a  diminishing  of 
the  ratio  of  lateral  to  vertical  pressure  at  the  greater  depths. 
Investigations  of  pressures  at  greater  depths  are  needed  in  order 
to  make  the  design  of  high  walls  scientific  and  economical. 

Pressures  in  Granular  Materials. — Many  theories  of  pressures 
have  been  derived  based  on  various  assumptions,  but  they  may 
be  grouped  about  two  principal  ones,  viz.,  that  proposed  and 
developed  by  various  French  engineers,  the  last  and  chief  of 
whom  was  Charles  Augustin  de  Coulomb,  who  published  the 
theory  in  1773  sometimes  called  the  "sliding  wedge"  theory, 
and  that  proposed  by  Professor  Wm.  J.  M.  Rankine  in  1856 
based  on  internal  stresses  in  a  homogeneous  granular  mass.  The 
two  theories  lead  to  essentially  similar  results  for  corresponding 
conditions,  and  only  Coulomb's  theory  as  extended  and  modified 
by  Professor  J.  J.  Weyrauch  in  1876,  will  be  presented  here. 
For  a  full  discussion  and  application  of  these  various  theories 
regarding  retaining  walls,  the  reader  is  referred  to  the  excellent 
work,  "Design  of  Walls,  Bins  and  Grain  Elevators,"  by  Professor 
Milo  S.  Ketchum. 

Dry  sand,  shot  and  wheat  are  the  ideal  conception  of  granular 
materials.  They  are  assumed  to  be  devoid  of  cohesion,  the 
grains  being  held  in  their  places  by  their  normal  mutual  reactions 
and  by  friction  between  the  particles.  In  the  case  of  retaining 
walls,  the  material  is  assumed  to  be  of  indefinite  extent  back  of 


254    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 

the  wall.  Earth  that  has  long  been  in  place  and  subject  to  the 
action  of  water  becomes  more  or  less  cohesive  and  acts  to  some 
extent  as  a  solid.  Newly  deposited  earth  behind  retaining 
walls,  particularly  if  dry,  may  be  considered  essentially  as 
granular  material,  and  inasmuch  as  the  force  of  cohesion  tends 
to  decrease  the  pressure  on  the  wall,  the  newly  deposited  state 
represents  the  condition  of  maximum  pressure,  and  hence  is  the 
condition  that  should  control  the  design  for  walls  to  retain  filled 
material. 

Theoretical  Analysis. — The  following  nomenclature  was 
adopted  by  the  American  Railway  Engineering  Association : 

Let  <j>  =  the  angle  of  repose  of  the  filling. 

e  =  the  angle  that  the  back  of  the  wall  makes  with  the  horizontal. 
d  =  the  angle  of  surcharge. 

X  =  the  angle  between  the  thrust  of  the  earth  and  the  horizontal. 
z  =  the  angle  between  the  thrust  and  the  normal  to  the  back  of  the 
wall. 

h  =  the  height  of  the  wall  in  feet. 

I  =  length  of  the  base  in  feet  at  right  angles  to  the  wall. 

e  =  the  distance  in  feet  of  the  intersection  of  the  resultant,  E,  with 

the  base  from  the  center  of  the  base. 
a  =  ditto  from  the  toe  of  the  wall. 
P  =  the  resultant  earth  pressure  against  the  wall. 
E  =  the  resultant  of  the  earth  pressure  and  the  weight  of  the  wall. 
F  and  H  =  the  vertical  and  horizontal  components  respectively  of  E. 
w  =  the  weight  of  the  fill  in  lbs.  per  cubic  foot. 
w'  =  the  weight  of  the  wall  in  lbs.  per  cubic  foot. 
W  =  the  total  weight  of  the  wall  per  foot  of  length. 
Pt  and  p£  =  the  pressures  at  the  toe  and  heel  respectively  on  the  foundations, 
in  lbs.  per  square  foot. 
x  =  the  angle  between  the  horizontal  and  the  plane  of  rupture. 

The  granular  material  is  assumed  to  be  incompressible  and  the 
pressures  are  assumed  to  vary  directly  as  the  depth,  the  wall 
being  subjected  to  forces  as  indicated  in  Fig.  107. 

In  Fig.  107,  AD  represents  the  natural  slope  of  the  earth  and 
AC,  the  plane  of  rupture  of  the  wedge,  ABC,  that  tends  to  slide 
on  the  plane  AC.  The  angle  x  will  be  greater  than  <f>  because 
various  other  forces  assist  friction  in  holding  CAD  in  place. 
The  problem  resolves  itself  into  finding  the  value  of  x  that  will 
render  the  pressure  from  the  wedge  ABC  a  maximum.  Let  OW 
be  the  weight  of  the  wedge  ABC  of  unit  length,  PO  the  reaction 
of  the  wall,  and  RO  the  reaction  of  the  earth  below  AC.  This 
wedge  is  held  in  equilibrium  by  these  forces,  and  hence  they 
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must  be  concurrent.  At  the  condition  of  impending  motion,  by 
the  laws  of  friction,  OR  makes  an  angle  of  4>  with  the  plane  AC. 
Then, 


A/ A 

LInLX  Y  

1/ 


p 


Fig.  107. — Forces  acting  on  a  retaining  wall. 

sin  WOR 


sin  WRO 

sin  (x  —  <p) 


whence,  P  =  W  - — 7—7 

'  sin  (0  +  <p  +  z  —  x) 

The  value  of  W  per  unit  length  is 
W  =  \w-ACAB  sin  BAC 

m 

1         sin  (0  -  3)  sin  (0  -  x) 
~  2  sin20  sin  (a;  -  5) 


(1) 
(2) 


(3) 


1  sin  (x  -  <p)  sin(0  -  5)  sin  (0  -  a;)  ^ 

F  ~  2       sin20  sin  (0  +  <p  +  2  -  x)  sin  (a;  -  5) 

This  quantity  becomes  zero  for  x  =  0  and  for  x  =  <p,  and  must 
have  a  maximum  value  for  some  value  of  x  between  <p  and  0 
which  will  obtain  when  the  wedge  is  about  to  slide.    This  value 
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of  x  can  be  determined  by  the  ordinary  calculus  method  of 
equating  the  first  derivative  to  zero,  although  the  process  is 
rather  tedious. 

To  facilitate  the  process,  the  function  may  be  placed  in 
another  form.  In  order  to  do  this,1  draw  CE  making  an  angle 
ACE  equal  to  ORW  =  6  +  <p  +  z  -  x.  Then  the  triangles 
ACE  and  WOR  are  similar  since  OR  makes  an  angle  with  the 
normal  to  the  plane  of  rupture  equal  to  <p. 

CE 

AE  (5) 
W  =  w  Area  triangle  ABC  =  ~  w  ■  BC  sin  (6  -  8)  ■  AB 

Draw  BM  parallel  to  CE.    In  the  similar  triangles 

nR,f     ,  n„„  CE      DE      .  BC     ME  . 
DBM  and  DCE,         =  ^— and  =  -  =    — ;  hence 
'  BM     DM       BD     MD  ' 

r    _  BM  DE     ,  R^  BD-ME 

CE  ~  ~DM~  and  5C  = 

Substituting  in  (5) 

2  '  MD'AE 

=  1 .  sin  («  -  S)  (OM^i)  (6) 

in  which  all  the  variables  are  in  the  parenthesis,  since  the  angle 
ACE  is  constant  (=  0  +  <p  +  z  -  8)  making  BM  constant. 
Let  AE  =  y,  AD  =  a,  and  AM  =  6. 

then  =  (v-bXa-v) 

AE  y 

and  P  will  be  a  maximum  when  this  function  of  y  is  a  maximum. 
Differentiating  and  equating  to  zero 

V  [(a  -  y)  +  Q/  -  &)(  -  1)]  -  (y  -  6)(o  -  ?/)  =  0  (8) 

whence,  y  =  \/ ab 

The  maximum  value  of  i5  is,  therefore, 

P  =  Vsin  (0  -  5).M^^.(V^6  -  b){a  -  Vab) 

2w  sax  {0      8)  -        —  (9) 

1M.  S.  Ketchum:  "Walls,  Bins  and  Grain  Elevators,"  p.  41. 


RETAINING  WALLS  AND  QUAY  WALLS  257 

sin  (<p  —  8)  sin  (0  +z) 

sin     -  5)  sin  (0  +  2) 

Substituting  in  (9) 

_  .  .  fa  s.  A£3sin  (0  -  3)  sin2  (0  -  <p)  sin  -  5) 
P  =  Ttimn  (0  -  5)  k— a)  gin  (e+,)gin(0_5) 


=hw.h*  Bin'(O-y)  (12) 

Sin2  0  Sin  (0  +  z)  I  1  +  a  7T— ; — (— = — 7^  I 

\        \sm  (0  +  z)  sm  ((9  —  5)/ 

which  is  the  general  formula  for  the  thrust  on  a  retaining  wall, 
giving  results  similar  to  Rankine's  formula  and  other  theories. 

This  formula  for  a  material  like  water  having  <f>  =  z  =  0, 
gives  P  =  %wh2,  for  a  vertical  wall  and  for  a  solid  with  <f>  =  90°, 
P  =  0  for  a  vertical  wall. 

The  value  of  z  has  been  assumed  variously  from  zero  to  the 
value  of  the  friction  angle  between  the  earth  and  the  wall,  or  in 
general,  the  angle  of  repose  of  the  earth.  Tests  made  at  the 
University  of  Kansas  with  sand  acting  on  a  yertical  board  indi- 
cated this  angle  to  be  approximately  equal  to  the  angle  of  repose 
of  the  material  notwithstanding  the  surcharge  was  zero.  Vari- 
ous theoretical  formulas  based  on  the  assumption  that  the 
material  is  incompressible  have  been  derived  by  Weyrauch  and 
others  for  the  value  of  z  in  terms  of  4>,  the  slope  of  the  back  and 
the  angle  of  surcharge,  but  they  are  complicated  and  their 
reliability  scarcely  justifies  their  reproduction  in  this  connection.1 
These  formulas  indicate  that  for  a  vertical  back  of  wall,  the 
direction  of  the  thrust  is  parallel  to  the  top  surface  of  the  earth, 
except  when  the  surcharge  is  negative,  and  this  is  the  assumption 
most  commonly  made.  It  doubtless  represents  the  most  severe 
condition  that  may  obtain  and  hence  is  on  the  side  of  safety. 

As  stated  before,  the  University  of  Kansas  tests  indicate  a 
downward  inclination  of  the  thrust  equal  approximately  to  the 
angle  of  friction  of  the  material  on  the  back  of  the  wall,  or  the 
angle  of  friction  of  the  material  on  itself.    The  discrepancy  of 

1  M.  A.  Howe,  "Retaining  Walls  for  Earth,"  p.  17. 
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the  theoretical  result  lies  in  the  assumption  that  the  material 
is  incompressible  when  in  fact  it  is  compressible.  Due  to  its 
compressibility,  there  is  a  slight  movement  of  the  material 
which  develops  friction  against  the  back  of  the  wall,  and  since 
this  friction  is  one  component  of  the  reaction  against  the  wall, 
the  total  thrust  is  given  an  inclination  downward  equal  to  the 
angle  of  friction. 

While  it  may  be  true  that  seepage  of  water  along  the  back  of 
the  wall  would  reduce  this  coefficient  of  friction,  it  certainly 


M  c-y-jf---  

— 

A  C 

H 


Fig.  108. — Retaining  wall,  inclined  towards  the  fill. 

would  never  eliminate  it  entirely.  For  this  reason,  therefore,  the 
assumption  that  there  is  no  frictional  component  downward  along 
the  back  of  the  wall,  while  on  the  side  of  safety,  is  needlessly 
conservative,  for  it  not  only  yields  a  larger  overturning  moment 
but  disregards  a  force  that  tends  to  hold  the  wall  in  place.  The 
angle  of  friction  of  wet  earth  against  the  back  of  the  wall  is 
probably  the  minimum  value  that  need  be  assigned  to  z  for 
accurate  designing,  yet  the  practice  of  engineers  has  been  gen- 
erally to  allow  nothing  for  this  friction  and  to  use  the  formulas 
resulting  from  neglecting  it. 

For  an  inclined  back,  the  direction  of  the  thrust  can  be  ascer- 
tained only  by  the  theoretical  formulas  mentioned  above  or  an 
equivalent  method,  but  for  the  ordinary  cases,  the  modification 
for  walls  inclined  forward  is  slight,  and  since  the  reliability  of 
the  results  is  questionable,  a  further  exposition  of  the  subject 
will  not  here  be  made. 

Where  the  earth  fill  slopes  downward,  i.e.,  the  angle  of  sur- 
charge is  negative,  the  value  of  the  thrust  obtained  from  Eq.  (12) 
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theoretically  is  correct,  but  it  includes  an  element  of  passive 
force,  and  hence,  the  active  force  is  somewhat  less  than  that 
amount. 


1? 


<0 


CO 


4? 
§~t  A 


^0 


5 


lyH — h 


3^ 


In  Fig.  108,  the  pressure  on  AB  is  less  than  it  would  be  on  its 
projection,  BC,  because  of  the  presence  of  a  prism  of  earth  ABC 
between  the  plane  BC  and  the  wall.  This  decrease  in  the  pressure 
may  be  assumed  to  be  in  proportion  to  the  mass  of  this  triangular 
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prism,  and  it  amounts  to  the  entire  pressure  when  d  =  <£.  The 
mass  is  proportional  to  AC  since  the  height  remains  constant 
and  equal  to  h.  Therefore,  where  ON  =  BC  the  proportional 
decrease  will  be  AC /AO,  or  cot  6/ cot  <f>,  and  the  pressure  on  the 
wall  in  terms  of  Pi,  the  pressure  on  BC,  will  be 

P=Pl(l-<^) 
\       cot  4>l 

The  direction  of  P  may  be  taken  as  parallel  to  the  surface  as 
before,  so  long  as  the  angle  of  surcharge  is  not  negative,  although 
as  previously  pointed  out,  this  will  probably  give  results  some- 
what too  large. 

The  equation  above  gives  results  not  very  dissimilar  from 
those  obtained  by  the  ellipse  of  stress  method,  and  being  equally 
as  reliable,  its  simplicity  commends  it. 

In  Fig.  109  are  given  formulas  for  the  cases  most  frequently 
arising  in  the  design  of  retaining  walls  as  adopted  by  the  Ameri- 
can Railway  Engineering  Association.1 

The  Effect  of  Cohesion. — In  earth  in  its  natural  state  that 
has  been  solidified  under  the  action  of  water,  friction  is  not  the 


Fig.  1 10. — Pressure  from  cohesive  earth  on  a  retaining  wall. 

only  force  tending  to  hold  the  particles  in  place,  for  cohesion 
plays  an  important  part  as  well.  In  the  design  of  breast  walls 
in  particular  this  force  of  cohesion  might  properly  be  taken  into 
account.  While  experimental  data  on  cohesion  are  lacking,  it  is 
generally  assumed  that  cohesion  along  a  plane  is  practically 
independent  of  the  pressure  and  varies  directly  with  the  area. 
That  is,  in  Fig.  110,  there  is  a  cohesive  force  along  the  plane  AC 
equal  to  c-AC  where  c  is  the  coefficient  of  cohesion.  Professor 

1  Manual,  Amer.  Ry.  Eng.  Assn.,  Supplement,  July,  1917. 
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Wm.  Cain  arrives1  at  the  conclusion  that  the  height  for  which  a 
retaining  wall  may  be  designed,  where  the  coefficient  of  cohesion 
and  of  friction  can  be  depended  upon  to  remain  constant,  may 

2c  <t> 

be  decreased  an  amount  equal  to  —  tan  (45°  +  ~).  as  illustrated 

w  2 

in  Fig.  1 10  (a) .  That  is,  there  is  no  active  pressure  for  this  depth, 
hc,  because  cohesion  holds  the  material  in  place,  if  the  material 
is  not  acted  upon  by  erosion. 

Another  method  of  allowing  for  the  effect  of  cohesion  is  to 
assume  the  rupture  to  occur  along  the  broken  plane  AMN,  Fig. 
110  (b),  and  the  prism  BNMT  to  act  as  so  much  superimposed 
load  on  the  fill  behind  the  portion  of  the  wall  A  T.  The  plane  of 
rupture  AM  is  determined  as  before,  depending  upon  friction 
only.  The  prism  AMNM  will  slide  when  the  difference  between 
the  component  of  gravity  along  AM  and  friction  equals  the 
cohesion  along  this  plane. 

Therefore, 

whc(h  —  /ic)cot  re- (sin  x  —  cos  x  tan  <f>)  =  c(h  —  hc)/sm  x, 

c 


whence,  hc  = 


wcota;-(sina;  —  cos  re- ton  <p) 


Where  the  surcharge  is  level,  the  angle  x  equals  54°  +  ^  ,  and 

where  the  surcharge  is  not  zero,  the  value  of  x  must  be  determined 
from  the  condition  of  maximum  thrust,  explained  on  p.  257. 

The  values  of  the  coefficient  of  cohesion  obtained  by  W.  Airy, 
which  varied  from  84  lb.  per  square  foot  for  ordinary  clay  to 
400  lb.  per  square  foot  for  shaley  clay,  are  believed  to  be  con- 
servative in  view  of  the  fact  that  other  observers  have  obtained 
considerably  higher  values. 

When  to  allow  for  the  force  of  cohesion  in  the  design  of  walls 
must  be  determined  by  the  judgment  in  each  case.  The  force 
of  cohesion  acts  when  the  particles  are  in  close  proximity  to  each 
other,  that  is,  before  any  movement  from  the  natural  state  has 
occurred,  and  also  when  complete  saturation  of  the  soil  with 
water  has  not  largely  destroyed  it.  Hence,  a  breast  wall  built 
to  retain  a  natural  bank  of  earth  that  is  well  drained  may  be 
properly  designed  for  a  height  hc,  as  found  above,  less  than  the 
depth  of  earth  considered  as  granular  mass  without  cohesion. 

'Wm.  Gain,  "Walls  and  Bins,"  p.  174. 
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Properties  of  Earth. — Natural  earths  do  not  fulfill  the  ideal 
conception  of  granular  materials  in  that  they  are  compressible 
and  they  possess  cohesion  when  they  have  been  subjected  to 
the  dissolving  action  of  water.  However,  when  earth  is  freshly 
deposited  behind  a  wall,  as  in  an  embankment  of  any  kind,  it 
does  resemble  granular  material  closely  enough  that  a  design 
based  on  the  assumption  that  the  material  is  granular  is  con- 
servative and  reliable.  Where  earth  is  in  its  undisturbed  state 
and  a  breast  wall  is  built  against  it  to  prevent  erosion  and  to 
retain  it  in  such  state  and  the  earth  is  not  to  be  subjected  to 
passing  loads  or  vibrations  which  may  destroy  the  cohesion, 
cohesion  may  be  taken  into  account  as  indicated  above.  Table 
XXIII  lists  the  angles  of  repose  and  weights  of  various  materials 
that  may  be  placed  behind  retaining  walls. 


Table  XXIII. — Slopes  of  Repose  and  Weights  of  Loose  Earths 


Kind  of  earth 

Slope  of 
repose 

Angle  of 
repose 

Weight,  lb. 
per  cu.  ft. 

Sand,  clean  

1.5 

1 

33°  42' 

95 

Sand  and  clay  

1.33 

1 

36°  53' 

100 

Clay,  dry  

1.33 

1 

36°  53' 

100 

Clay,  damp,  plastic  

2 

1 

26°  34' 

100 

1.5 

1 

33°  42' 

115 

1.33 

1 

36°  53' 

90 

Soft  rotten  rock  

1.33 

1 

36°  53' 

110 

Hard  rotten  rock  

1 

1 

45°  00' 

100 

1.5 

1 

33°  42' 

45 

River  mild  

0°  0' 

90 

Few  attempts  have  been  made  to  observe  the  magnitude  of 
earth  pressures  on  retaining  walls  of  full  size,  but  many  experi- 
ments have  been  made  on  model  walls  retaining  such  materials 
as  sand,  and  in  general  these  experiments  corroborate  the  results 
of  the  theoretical  analysis  insofar  as  they  are  applicable.  Care- 
fully conducted  experiments  at  the  University  of  Kansas  in 
1916-17  using  dry  sand  behind  a  retaining  board  with  a  reliable 
apparatus  for  determining  the  magnitude,  direction  and  point 
of  application  of  the  resultant  thrust,  gave  results  in  close  accord 
with  those  obtained  from  the  theoretical  formulas,  except  as  to 
the  direction  of  the  force,  as  previously  noted.  Being  thus  sub- 
stantiated by  tests,  it  is  believed  that  the  theory  of  retaining 
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walls  as  above  set  forth  and  as  commonly  accepted  is  reliable 
within  the  range  of  ordinary  accuracy  of  design  of  engineering 
structures. 

The  slope  of  the  surface  of  rupture  of  a  bank  of  earth,  as  is 
well  known,  is  not  usually  a  plane,  but  is  a  curved  surface  tang- 
ent approximately  to  the  theoretical  plane  at  the  bottom  and 
concave  upward  following  roughly  the  broken  plane  AMN, 
Fig.  110(b).  The  explanation  of  this  phenomenon  is  that  the 
cohesion  is  not  entirely  destroyed,  and  as  shown  in  a  previous 
paragraph,  the  actual  thrust  is  less  than  the  maximum  which 
the  material  as  a  granular  mass  was  capable  of  producing.  This 
fact  does  not  vitiate  the  validity  of  the  retaining  wall  theory, 
since  that  theory  attempts  only  to  ascertain  the  maximum 
thrust  that  may  occur  under  the  assumed  conditions. 

In  Vol.  X  of  the  Proceedings  of  the  American  Railway  Engi- 
neering Association  may  be  found  some  observations  on  failures 
of  retaining  walls  that  are  very  instructive.  So  far  as  calcula- 
tions can  be  made  from  the  meagre  data  given,  the  results 
sustain  the  theoretical  analysis  of  retaining  walls. 

Retaining  Wall  with  a  Loaded  Fill. — In  many  instances,  the 
fill  behind  a  wall  may  be  required  to  sustain  a  superimposed 
load,  such  as  a  railroad  track  and  train,  a  building  with  heavy 
floor  loads,  or  a  highway  load.  Impact  from  moving  loads  is 
probably  not  an  important  factor  since  there  is  no  cumulative 
vibration  through  an  earth  fill.  It  is,  therefore,  customary  to 
consider  only  the  direct  load  and  to  consider  it  as  spread  over  a 
reasonable  area.  For  example,  the  weight  of  a  locomotive  on  a 
track  should  be  considered  as  spread  over  about  the  width  of  the 
ballast  where  the  latter  is  of  adequate  depth,  a  spread  of  14  ft. 
being  recommended  by  the  American  Railway  Engineering 
Association.  A  single  concentrated  wheel  load  is  considered 
usually  as  distributed  over  three  ties  along  the  track. 

Experiments  (see  p.  352)  on  the  distribution  of  pressures 
through  sand  at  the  University  of  Illinois  and  at  Pennsylvania 
State  College  indicate  that  a  1 : 2  line  is  practically  the  limit  of 
the  zone  of  vertical  pressures,  and  consequently,  would  mark  the 
limit  of  the  zone  of  lateral  pressures.  The  distribution  of  pres- 
sure for  a  superimposed  load  would  therefore  be  as  indicated  in 
Fig.  Ill,  where  the  unit  lateral  pressure  AD  is  caused  by  the  fill 
and  DE  by  the  superimposed  load.  The  American  Railway 
Engineering  Association  recommends  as  standard  practice1  that 

^Amer.  Ry.  Eng.  Assn.,  Supplement  to  Manual,  1917,  p.  48. 
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a  1:1  line  be  considered  as  the  limit  of  pressure  distribution, 
that  is,  a  load  farther  from  a  vertical  at  the  back  of  the  footing 
than  the  height  of  the  wall  shall  not  be  included  as  a  load  on  the 
wall.  The  Association  also  recommends  that  the  live  load  be 
considered  as  effective  for  intermediate  positions  in  proportion 
to  the  ratio  n/h,  where  n  is  the  distance  from  the  back  of  the 
footing  to  the  point  where  a  slope  of  1 : 1  ntersects  the  ground 
surface.  As  stated  above,  however,  experiments  do  not  indicate 
a  greater  spread  of  the  pressure  than  the  boundary  of  a  1 :2  slope. 


Fig.  111. — Pressure  due  to  loaded  fill  on  a  retaining  wall. 


Calculating  the  Stability  of  a  Retaining  Wall. — In  order  that  a 
retaining  wall  may  be  stable  against  sliding,  the  total  weight  of 
the  wall  and  the  fill  resting  thereon  multiplied  by  the  coefficient 
of  friction  for  the  material  composing  the  foundation  must  be 
greater  than  the  horizontal  component  of  the  earth  thrust  (this 
is  neglecting  the  friction  of  the  fill  on  the  back  of  the  wall). 
These  coefficients  are  given  for  dams  on  p.  218  and  apply  to 
retaining  walls  as  well. 

Where  a  considerable  amount  of  earth  lies  in  front  of  the  wall, 
the  passive  resistance  of  this  earth  may  be  added  to  the  frictional 
force  tending  to  prevent  sliding.  This  resistance  may  be  taken 
as  a  reasonable  bearing  capacity  multiplied  by  the  area  of  wall 
abutting  the  earth. 

Where  there  is  special  danger  of  sliding,  as  in  the  case  of  a  wall 
set  on  a  slippery  clay  or  shale  stratum,  a  trench  should  be  dug  in 
the  foundation  bed,  thereby  causing  a  projection  of  the  wall  to 
extend  into  the  solid  stratum.    See  Fig.  124. 
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A  wall  is  stable  against  overturning  about  the  toe  when  the 
resisting  moment  of  the  weight  of  the  wall  and  of  the  earth 
carried  by  the  wall,  and  of  any  other  force  such  as  ties  that  tend 
to  resist  overturning,  is  greater  than  the  overturning  moment  of 
the  earth  thrust  about  the  toe.  This  statement  is  predicated  on 
the  supposition  that  the  wall  will  not  crush  at  the  toe  nor  the 
foundation  give  way  at  the  toe.  In  order  that  this  supposition 
may  be  correct,  the  pressure  or  compression  at  the  toe  must  not 
exceed  safe  values  when  calculated  as  explained  below. 


Fig.  112. — Distribution  of  pressure  under  a  retaining  wall. 

The  pressure  on  the  foundation  is  distributed  as  shown  in 
Fig.  112,  according  as  the  resultant  of  the  earth  pressure  and 
the  total  weight  of  wall  and  earth  resting  thereon  cuts  the  base 
(a)  within  the  middle  third  of  the  base,  (b)  at  the  edge  of  the 
middle  third  or  (c)  without  the  middle  third.  If  it  falls  without 
the  base  and  no  provision  is  made  for  tension  at  the  heel,  of 
course,  the  wall  will  overturn. 

In  case  (a)    px  =  y^l  +       and  p2  =  j(l  — 
2F 

In  case  (b)    pi  =  -=-  and  p%  =  0 
2F 

In  case  (c)    pi  =  ^  and  p2  =  0 

The  maximum  pressure  at  the  toe  should  not  exceed  the  safe 
bearing  capacity  of  the  foundation  on  which  the  wall  is  placed. 
For  bearing  capacities  of  soils  see  p.  433.  If  the  foundation  is 
soft,  the  wall  should  be  designed  so  that  the  resultant  will 
fall  at  the  center  of  the  base  if  practicable.  On  solid  rock,  the 
resultant  might  fall  outside  the  middle  third  without  harm, 
although  conservative  design  keeps  the  resultant  within  the 
middle  third.    With  the  resultant  at  the  edge  of  the  middle  third, 
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the  factor  of  safety  (the  ratio  between  the  overturning  moment 
and  the  resisting  moment  about  the  toe)  is  three.  It  is  considered 
by  some  engineers  good  practice  to  allow  the  factor  of  safety 
against  overturning  of  a  wall  on  rock  to  be  as  low  as  two. 

Contraction  Joints. — As  in  other  structures,  expansion  and 
contraction  of  retaining  walls  must  be  provided  for.  In  plain 
walls,  contraction  joints  are  employed  to  localize  the  contraction 
cracks  to  definite  vertical  planes  where  they  may  be  rendered 
least  objectionable.  In  plain  concrete  walls,  contraction  joints 
are  commonly  placed  32  to  48  ft.  apart,  although  in  thick  walls, 
they  may  be  placed  60  ft.  apart,  the  exact  interval  depending  on 
convenience  of  construction  as  affected  by  the  length  of  form 
lumber  used. 

A  contraction  joint  is  usually  formed  by  making  a  trapezoidal 
groove  about  6  by  8  in.  in  cross  section  from  top  to  bottom  down 
the  middle  of  the  end  of  one  section,  and  after  that  section  has 
set  up,  pouring  the  next  section  against  it,  thus  forming  a  sort 
of  tongue-and-groove  joint.  This  tongue-and-groove  holds  the 
wall  in  alignment  in  the  event  of  uneven  settlement  and  yet  the 
joint  may  separate  considerably.  On  a  48-ft.  section,  allowing 
0.0005  as  the  coefficient  of  contraction  due  to  shrinkage,  and 
0.000,006  as  the  coefficient  of  thermal  contraction  and  100°  range 
in  temperature,  the  maximum  contraction  would  be  somewhat 
more  than  %  in.  The  edges  of  contraction  joints  should  be 
chamfered  off  by  nailing  triangular  strips  in  the  corners  of  the 
forms  before  the  concrete  is  poured. 

In  reinforced  concrete  walls,  contraction  joints  are  sometimes 
provided  in  a  similar  manner,  but  more  frequently,  the  walls  are 
reinforced  for  temperature  change.  Sometimes  an  amount  is  used 
sufficient  to  distribute  the  cracks,  allowing  a  tensile  strength  of 
the  concrete  of  200  lb.  per  square  inch.  This  is  usually  more  than 
necessary  and  an  amount  of  steel  area  equal  to  0.2  to  0.3  per 
cent  of  the  area  of  the  concrete  has  been  found  sufficient.  This 
should  be  placed  near  the  face  of  the  wall. 

Drainage  of  Retaining  Walls. — The  importance  of  adequately 
draining  the  fill  behind  retaining  walls  can  scarcely  be  over- 
emphasized in  promoting  the  economy  of  design.  The  presence 
of  water  decreases  the  angle  of  internal  friction  and  tends  to 
destroy  cohesion,  both  of  which  effects  tend  to  increase  the  pres- 
sure on  the  wall  and  at  the  same  time  to  decrease  its  resisting 
capacity. 
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Drainage  is  effected  by  inserting  "weep  holes"  consisting  of 
3-  or  4-in.  drain  tiles  through  the  wall  about  15  to  20  ft.  apart 
and  by  piling  crushed  stone,  gravel,  cinders,  or  similar  material 
around  the  weeper  at  the  back.  The  D.  L.  &  W.  R.  R.  turns  up 
the  inner  end  of  the  weeper  by  means  of  an  elbow  and  a  column 
of  loose  stone  is  placed  above  the  opening  of  the  elbow  extending 
to  the  top  of  the  fill. 

Where  considerable  quantities  of  water  are  to  be  expected,  a 
drain  tile  placed  along  the  back  of  the  wall  at  such  a  height  as 
to  permit  them  to  discharge  into  the  weepers  adds  greatly  to  the 
efficacy  of  the  drainage.  Crushed  stone  or  gravel  placed  along 
the  back  of  the  wall  above  the  weepers  will  serve  a  similar  purpose. 

Design  of  the  Wall  Section. — The  design  of  the  section  of  a 
retaining  wall  should  take  into  account  the  following  factors: 
(1)  The  wall  should  be  stable,  according  to  the  standards  pre- 
viously outlined,  (2)  it  should  be  an  economical  section  for  both 
the  wall  and  the  footing,  and  (3)  particularly  where  exposed  to 
public  view,  the  wall  should  have  good  architectural  treatment. 

The  usual  procedure  in  the  design  of  a  gravity  section  is  to 
select  a  section  either  from  walls  previously  used  under  similar 
conditions  or  by  some  rule  of  thumb  design  and  then  investigate 
the  section  selected  and  modify  according  to  the  results  of  the 
calculations.  Empirical  rules  in  common  use  are  to  make  the 
base  width  above  the  footing  0.45/i  for  gravity  walls  of  no  sur- 
charge, 0.70/i  for  inclined  surcharge  at  angle  of  repose,  and 
0.65/i  for  fill  carrying  a  railway  track.  The  weight  of  the  earth 
on  the  back  of  the  wall  is  more  effective  in  promoting  stability 
when  the  back  is  stepped,  but  convenience  of  construction  causes 
it  more  often  to  be  given  a  uniform  batter. 

A  convenient  formula1  for  bottom  width  of  a  gravity  wall  of 
trapezoidal  cross  section,  having  the  top  width  t  and  the  batter 
of  the  face,  n,  given  or  assumed,  is  B  =  n  +  t  +  m.  Where 

l(V~M2  +  4tN  —  M)  in  which 

chn  +  2e(h  +  2h')  (n  +  t)  • 

e(h  +  h') 
h[erh(h  +  3h')  -  c(n2  +  Snt  +  t2)]. 
e(h  +  h') 

e  being  the  weight  of  earth  and  c  the  weight  of  concrete  per 
1  Article  by  T.  A.  Smith,  Engineering  Record,  Nov.  4,  1916. 


m  = 
M  = 

AT  — 
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cubic  foot,  hr  the  equivalent  height  of  surcharge  to  include  any 

load  on  the  fill,  rthe  ratio  of  lateral  to  vertical  pressure,  , — ,  Sm  *f  > 

1  +  sin  <t> 

and  the  other  nomenclature  as  before. 

Figure  113  is  a  chart  devised  by  S.  H.  Smith1  for  a  gravity 
retaining  wall  with  level  surcharge,  which  is  of  value  in  pre- 
liminary estimates  and  designs. 

An  approximate  relation  between  the  length  of  base  and  the 
height  of  a  reinforced  concrete  wall  of  cantilever  or  counterfort 


0     2     4-     6_    8     10     12     14        0    2     4    G    8     10    12    14  IG 
Values  of  Various  Func+ions  Values  of  Various  Functions 

Fig.  113. — Chart  for  preliminary  design  of  gravity  retaining  walls. 


type  can  be  made  by  equating  the  overturning  moment  of  the 
thrust  of  the  earth  and  the  reaction  of  the  foundation  about 
the  point  where  the  vertical  through  the  center  of  gravity  cuts  the 
base,  assuming  the  reaction  to  act  through  the  outer  third  point. 
When  the  toe  slab  beyond  the  face  of  the  wall  is  one  third  the 
total  length  of  base,  the  section  gives  maximum  economy,  but 
there  is  very  little  difference  in  this  respect  for  a  variation 
between  one-sixth  and  one-half  of  the  total  length. 

The  toe  and  heel  slabs  as  well  as  the  main  wall  are  designed  as 
cantilever  beams  for  moment,  shear  and  bond,  and  in  the  main 
wall,  the  element  of  direct  compression  should  be  combined  with 
the  moment,  although  in  general  this  factor  will  not  be  large. 
The  main  wall  should  also  be  reinforced  to  withstand  temperature 
changes  without  undue  cracking. 

A  counterfort  wall  consists  essentially  of  a  reinforced  concrete 
slab  tied  rigidly  at  the  points  of  support  to  the  counterforts  and 
at  the  bottom  to  the  footing.    The  slab  instead  of  acting  as  a 

1  Engineering  News-Record,  July  5,  1917. 
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cantilever  from  the  footing,  acts  as  a  continuous  slab  or  beam 
over  the  counterforts  as  supports.  The  slab  is  designed  as  a 
beam  between  the  counterforts  taking  into  account  the  increase 
of  pressure  towards  the  bottom.  Instead  of  the  full  effect  of 
continuity  being  allowed,  however,  a  coefficient  of  moment  of 
34 o  or  K2  is  commonly  used.    The  wall  slab  is  commonly  made 


of  uniform  thickness  and  the  spacing  of  the  bars  varied  to  provide 
for  the  increased  earth  thrust  at  the  bottom,  the  number  of 
changes  of  spacing  being  made  small  to  simplify  construction. 

The  footing  slab  back  of  the  wall  likewise,  instead  of  being  a 
cantilever,  is  a  continuous  slab  between  the  counterforts,  sup- 
ported on  one  edge  by  the  wall.  However,  where  the  footing 
slab  extends  in  front  of  the  wall,  as  it  usually  does,  this  projection 
should  be  designed  as  a  cantilever  as  in  the  case  of  a  T-wall,  and 
then  the  load  or  foundation  reaction  may  be  considered  as  carried 
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by  a  cantilever  back  of  the  wall  for  a  width  of  about  one-fifth  the 
total,  and  the  remainder  designed  as  a  slab  between  counterforts. 
The  exact  distribution  of  the  load  is,  of  course,  indeterminate. 

The  counterforts  are  essentially  cantilever  beams  fixed  at  the 
bottom  and  carrying  the  earth  thrust  on  the  wall  slab.  For 
economy  of  material,  they  should  be  spaced  (2.5  +  0.2h)  ft. 
apart.  They  are  usually  about  6  to  8  in.  thick  for  practical  con- 
struction. The  counterforts  should  be  adequately  anchored  to 
the  footing  and  tied  to  the  wall  slab.    The  method  of  tying  the 


Fig,  115. — Rear  view  of  counterfort  retaining  wall. 


counterfort  to  the  base  and  to  the  wall  should  include  the  bending 
the  ends  of  the  steel  in  the  counterfort  around  the  steel  in  the 
footing  and  wall  slabs,  for  sufficient  bond  cannot  be  secured  to 
anchor  the  counterfort  to  the  slabs  adequately  otherwise.  Figure 
115  shows  a  counterfort  wall  25  ft.  high  built  around  the  settling 
basins  at  Chain  of  Rocks,  St.  Louis,  and  Fig.  116  illustrates  the 
manner  of  placing  the  steel  in  the  counterforts  of  the  D.  L.  & 
W.  R.  R.  retaining  wall  at  Buffalo.  Figure  1171  gives  the  details 
of  a  cellular  wall  of  the  C.  M.  &  St.  P.  R.  R. 

Example  of  Design  of  Cantilever  Retaining  Wall. — Suppose  it 
is  desired  to  design  a  reinforced  cantilever  wall  to  sustain  an 
earth  fill  15.0  ft.  high,  the  surface  being  level.  The  foundation 
is  to  be  ordinary  soil  with  a  bearing  capacity  of  l}i  tons  per 
square  foot. 

The  height  of  the  wall  will  be  taken  at  15.5  ft.  in  order  that 
1Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  23,  p.  49. 
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the  earth  may  be  6  in.  below  the  top.  The  pressure  of  the  earth 
will  be  O.U3wh2,  or  0.143  X  100  X  152  =  3,220  lbs.,  acting  5  ft. 
above  the  bottom.    The  toe  distance  in  front  of  the  wall  will  be 


Fig.  116. — Reinforcement  in  counterfort  retaining  wall. 


taken  as  one-third  the  base,  6.  The  weight  of  the  earth  prism 
on  the  footing  and  of  the  wall  is  approximately  %  X  6  X  15  X 
100  =  1,0006  lbs.  It  acts  a  distance  of  6/3  from  the  heel  and 
6/3  distance  from  the  point  where  the  resultant  cuts  the  base, 
assuming  the  latter  to  cut  the  base  at  the  outer  third  point. 
Equating  the  approximate  moments  about  this  point,  1,0006  X 
6/3  =  3,220  X  5,  whence  6  =  7.0  ft.  approx.  Assume  the  footing 
1  ft.  thick  for  preliminary  estimating. 
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The  wall  will  sustain  a  moment  at  the  bottom  of  0.143  X  100 
X  142  X  4.67  =  13,200  lb.-ft.  or  158,400  lb.-in.  The  weight  of 
the  wall  itself  will  give  approximately  20  lbs.  per  square  inch 
compression.  Since  650  lbs.  is  the  working  stress  in  concrete, 
the  thickness  should  be  chosen  for  630  lbs.  per  square  inch. 
Using  Eq.  (3),  p.  133,  with  this  modification,  the  wall  is  11.5 


Sectional  Elevation  at  Counterfort 


Sectional  [lev. 
of  Wall 


4  (6(49' 


Key  ■ 


Key—  '4 


25-10' 


i  Sors 


Z4-I' 


Plan 


Fig.  117— Cellular  retaining  wall  of  C.  M.  &  St.  P.  Ry. 


effective  depth.  Adding  2.5  in.  to  cover  the  steel  makes  the 
wall  14.0  in.  thick  at  the  bottom.  A  minimum  practical  width 
at  the  top  is  8  in. 

The  weight  of  the  wall  will  be  2,210  lbs.  per  lineal  foot  and  its 
center  of  mass  is  0.54  ft.  from  the  face.  The  weight  of  the  earth 
on  the  heel  is  5,630  lbs.  and  its  center  of  mass  1.88  ft.  from  the 
heel.  The  weight  of  the  footing  (assumed  as  1  ft.  thick)  is 
1,050  lbs.    The  resultant  of  all  vertical  forces,  8,890  lbs.,  acts 
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4.32  ft.  from  the  toe.  Combining  the  thrust  and  this  vertical 
resultant,  gives  a  resultant  which  cuts  the  base  2.50  ft.  from  the 
toe  or  2  in.  inside  the  middle  third  of  the  base. 

The  pressure  at  the  toe  and  heel  will  be  respectively, 

Vi  =  8^-(i  +  6  X71'°)  =  2,360  lbs.  per  square  feet. 
p2  =  8,870^  _  ^y1^)  =  180  lbs.  per  square  feet. 

The  moment  at  the  base  of  the  main  wall  is  158,400  lb.-in. 

158,400  .  no 

Area  of  steel  required  =  J^qqq^  y%  x  n,5  =  °-98  ^'  in"  Per 

foot;  this  would  require  %-in.  square  bars  spaced  7-in.  centers. 
At  a  point  10.5  ft.  from  the  top  of  the  wall,  only  0.40  sq.  in.  is 
required,  hence  alternate  bars  only  need  be  extended  above  this 
height.  At  a  point  8.5  ft.  from  the  top,  only  0.22  sq.  in.  is 
required,  hence  only  every  third  bar  need  be  extended  above  this 
height.  While  the  pressure  would  not  require  any  rods  to  be 
carried  to  the  top  of  the  wall,  yet  to  avoid  breaking  under  impact 
from  blows,  every  third  bar  will  be  extended  to  within  3  in.  of  the 
top  of  the  wall. 

Since  the  weight  of  the  footing  slab  is  approximately  150  lbs. 
per  square  foot  the  net  upward  pressure  producing  moment  in 
the  footing  slab  is  found  by  subtracting  this  weight  as  shown. 
The  center  of  gravity  of  the  upward  pressure  on  the  toe  slab 
2.33(1,500  +  2  X  2,210)  =      4  ft  from  the  face  of  the  walL 
1S      3(1,500  +  2,210) 

The  moment  is  1,855  X  2.33  X  1.24  =  5,370 lb.-ft.  or  64,400 lb.-in. 

a     =  — ^64'44Q  —  =  0.51  sq.  in.  per  foot,  9  in.  being  the 

As       16,000  X  %  X  9.0 

effective  depth.  To  satisfy  this  requirement,  %-in.  square  bars 
13  in.  centers  will  suffice,  or  M-in.  square  bars  6  in.  centers,  the 
choice  depending  on  bond  requirement. 

The  shear  at  the  face  of  the  wall  is  1,855  X  2.33  =  4,320  lbs. 
v  4,320  „~  „ 

The  bond  stress  f0  =  =  3  Xy8X9  =  P6r  SqUarG 

inch  for  the  %-in.  bars.  The  H-in.  bars  at  6  in.  centers  give 
132  lbs.  per  square  inch  bond  stress.  The  beam  will  be  increased 
to  14  in.  n  depth  in  order  to  reduce  the  bond  stress  on  %-in. 
bars  to  120  lbs.  per  square  inch  which  might  be  allowable  for 
good  concrete  and  deformed  bars.    These  bars  should  extend 


18 
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18  in.  back  of  the  face  of  the  wall  in  order  that  the  embedment 
may  be  36  diameters,  hence,  the  bars  will  be  3  ft.  6  in.  long. 

The  shear  1  ft.  from  the  toe  isapprox.  2,000  lbs.  2,000/40  = 
50  sq.  in.  required.  The  effective  depth  at  this  point  need  be 
only  5  in.  which  added  to  the  3  in.  below  the  steel  makes  the  slab 
8  in.  thick  at  the  toe. 

The  moment  in  the  heel  slab  will  be  5,630  X  1.62  —  650  X 
1.2  =  8,340  lb.-ft.  or  100,080  lb.-in. 

A,  =  100,080  +  (16,000  X  %  X  11)  =  0.65  sq.  in.  To  pro- 
vide for  this  moment,  %-in.  square  bars  spaced  10  in.  centers  will 
suffice.  These  should  extend  27  in.  beyond  the  back  of  the  wall 
to  secure  sufficient  embedment,  hence,  these  bars  will  be  5  ft. 
6  in.  long. 

To  provide  for  temperature  change  and  shrinkage,  0.2  per  cent 
of  steel  will  be  placed  longitudinally  in  the  wall,  or  0.002  X 
1,850  =  3.7  sq.  in.,  or  3^-in.  bars,  at  12  in.  centers. 

The  upright  bars  in  the  wall  should  be  embedded  36  diameters 
or  27  in.,  to  effect  which  the  bars  will  have  to  be  bent  back  along 
the  footing  as  shown  in  Fig.  114.  To  facilitate  construction  in 
avoiding  the  projection  of  the  long  unsupported  bars  when  the 
footing  is  being  placed,  dowels  are  sometimes  placed  in  the  base 
and  allowed  to  overlap  the  upright  bars,  which  are  placed  later. 
This  is  not  necessary,  however,  as  the  long  bars  can  readily  be 
supported  while  the  footing  is  being  poured. 

Making  the  depth  of  coping  in  inches  equal  to  the  exposed 
height  of  wall,  gives  a  12-in.  coping  as  shown.  In  the  absence  of 
specific  conditions  governing  drainage,  a  6-in.  drain  tile  will  be 
placed  back  of  the  wall  discharging  through  3-in.  weepers  spaced 
16  ft.  apart. 

Quay  and  Reservoir  Walls. — A  quay  wall  is  one  built  to  provide 
deep  water  in  which  boats  in  dock,  lock  or  harbor  may  approach 
the  shore  loading  pier.  Its  function  is  to  form  a  basin  for  the 
water  on  the  one  side  and  to  retain  the  earth  with  any  superim- 
posed load  on  the  other.  It  differs  from  an  ordinary  retaining 
wall  in  that  a  portion  of  the  earth  back  of  the  wall  is  saturated  and 
takes  on  different  properties  from  what  it  would  have  in  the  dry 
state,  and  in  that  the  wall  is  subject  to  the  buoyant  effect  of  the 
water  when  the  basin  is  full. 

The  problem  resolves  itself  into  a  wall  with  the  earth  below 
the  plane  of  saturation  carrying  a  superimposed  load  of  the  dry 
earth  above  together  with  any  loads  that  may  lie  on  the  surface. 
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The  wall  should  be  investigated  for  the  conditions  of  basin  full 
and  basin  empty  in  the  event  that  the  basin  will  ever  actually 
be  empty  in  fact.  The  solution  of  the  problem  does  not  differ  in 
principle  from  that  of  the  ordinary  retaining  wall,  except  that  the 
properties  of  saturated  earth  will  have  to  be  used.  Table  XXIV 
gives  the  properties  of  saturated  earth  to  be  used  in  this  connec- 
tion. Fluid  mud  is  frequently  dumped  from  scows  behind  quay 
wall,  during  the  construction  of  the  dock.  Fig.  118  shows  the 
character  of  the  forces  acting  on  such  a  wall.    Where  boats  are 


likely  to  strike  the  wall,  of  course  it  should  be  designed  to  provide 
for  such  impact. 

Table  XXIV. — Slopes  of  Repose  and  Weights  of  Saturated  Materials1 


J. 


Fig.  118. — Forces  acting  on  a  quay  wall. 


Kind  of  material 


Slope  of 
repose 


Angle  of 
repose 


Weight,  lb. 
per  cu.  ft. 


Sand,  clean  

Sand  and  clay  

Clay  

Gravel,  clean  

Gravel  and  clay  

Gravel,  sand  and  clay 


Soil  

Soft  rotten  rock.  . 
Hard  rock,  riprap 
River  mud  


2 
3 


2 
3 
3 


1 
1 


26°  34' 
18°  26' 
15°  57' 
26°  34' 
18°  26' 
18°  26' 
15°  57' 
45°  00' 
45°  00' 
00°  00' 


60 
65 
80 
60 
65 
65 
70 
65 
65 
90 


1  Am.  Civil  Engineers'  Pocket  Book,  p.  580. 
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Dock  walls  are  sometimes  built  up  partly  of  cribbing  or  on 
piles  below  the  ground  as  illustrated  in  the  wall  of  the  Dominion 
Government  wharf  at  Vancouver,  Fig.  119.    These  cribs  were 


Fig.  119. — Section  of  Vancouver  dock  wall. 

built  to  a  height  of  10  ft.  on  ways,  then  launched  and  finished  in 
place.  The  back  fill  consisted  of  sand  and  clay  dredged  from  the 
harbor.1 

Walls  for  circular  reservoirs  of  small  diameter  may  be  built  as 
1  Engineering  Record,  July  22,  1916. 
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cylinders  sustaining  a  normal  external  pressure.  Walls  for 
reservoirs  of  other  shapes  should  be  built  with  a  stable  section 
independent  of  arch  action.  Fig.  120  shows  a  cross  section  of 
the  reservoir  wall  at  Webb  City,  Mo.,  and  the  analysis  of  forces 
acting. 

For  walls  of  this  sort,  a  rich  concrete  mixture  is  required.  In 
the  case  of  walls  exposed  to  sea  water,  an  impervious  concrete 
should  be  used,  otherwise  the  entrance  of  sea  water  will  dis- 


Outer  Wall  Showing  Forces  and  Resultants 
Fig.  120. — Section  of  reservoir  wall  at  Webb  City,  Mo. 


integrate  the  structure  and  attack  any  reinforcing  or  other  steel 
that  may  be  encountered.  For  reservoir  walls,  an  impervious 
wall  is  required  to  prevent  the  leakage  of  water  from  the  inside 
and  in  the  case  of  municipal  supplies,  to  prevent  the  pollution 
from  the  outside. 

Slope  Walls  and  Retaining  Grillages. — Slope  walls  are  con- 
crete or  built-up  masonry  walls  laid  either  dry  or  with  mortar  on 
approximately  the  natural  slope  of  the  bank  of  earth  retained. 
Their  purpose  is  to  protect  the  bank  from  erosion  and  to  assist 
in  holding  the  earth  in  place,  particularly  at  the  bottom  of  the 
slope.  Slope  walls  are  frequently  laid  on  slopes  that  are  subject 
to  the  waves  of  a  body  of  water  to  prevent  scour  and  wash. 
Concrete  slope  walls  are  frequently  used  as  linings  for  reservoirs, 
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and  as  such,  are  cheaper  than  vertical  retaining  walls  where 
available  space  is  not  a  controlling  factor. 

Concrete  of  plastic  consistency  can  be  laid  on  a  1^:1  slope 
without  forms,  and  a  dry  mix  can  be  laid  onal^:l  slope  without 
forms,  where  a  plank  is  laid  on  the  freshly  deposited  concrete 
temporarily  to  hold  it  in  place.  Concrete  of  mushy  consistency 
cannot  be  used  on  slope  walls  without  forms  because  of  its 
tendency  to  flow.    Even  where  an  outer  form  must  be  built 


Fig.  121. — A  retaining  grillage. 


for  a  slope  wall,  as  on  a  1 : 1  slope,  a  comparatively  thin  wall  can 
be  built  of  concrete,  which  will  be  cheaper  than  the  ordinary  type 
of  retaining  wall,  unless  the  space  that  the  slope  occupies  is  too 
valuable. 

Several  railroads  have  used  retaining  grillages  in  recent  years 
instead  of  solid  retaining  wall's  and  have  found  them  much 
cheaper  than  the  latter.  The  retaining  grillage  shown  in  Fig. 
121,  which  was  built  by  the  C.  R.  I.  &  P.  R.  R.  in  track  elevation 
work,  was  built  of  reinforced  concrete  stretchers  8  ft.  long,  and 
headers  6  ft.  long,  the  front  batter  being  1:12.  The  cost  is 
stated1  to  have  been  about  one-fifth  that  of  a  retaining  wall  of 
the  same  height. 

1  Engineering  Record,  Sept.  16,  1916. 
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Relative  Economy  of  Retaining  Wall  Types. — The  cost  of  a 
concrete  retaining  wall,  aside  from  overhead  charges,  depends 
upon  (a)  the  amount  of  excavation  for  the  footing,  (b)  the  cost  of 
forms,  including  both  material  and  labor,  (c)  the  amount  of  con- 
crete, (d)  the  amount  of  steel  reinforcement,  (e)  the  labor  of 
placing.  Beside  the  ordinary  charge  of  overhead  expense,  the 
delay  in  the  use  of  the  wall,  the  loss  of  time  in  the  use  of  equip- 
ment, and  other  losses  that  may  result  from  the  choice  of  a 
type  of  slow  construction  should  be  considered. 

The  type  of  wall  that  is  most  economical  is  the  one  that  will 
render  the  total  of  these  costs  a  minimum,  and  these  costs 
obviously  depend  upon  the  unit  prices  of  labor,  materials  and 
excavation.  Theoretical  savings  in  concrete  are  frequently 
lost  in  the  expense  of  complicated  forms  and  difficult  placing  of 
the  concrete,  particularly  where  high  priced  labor  is  used.  No 
general  rules  or  definite  statements  can  be  formulated  as  to  the 
relative  economy  of  the  different  types  of  walls,  that  will  always 
apply,  but  the  most  economical  form  can  only  be  selected  with 
certainty  after  making  careful  estimates  of  the  various  types 
under  the  conditions  to  be  met. 

The  following  statements,  however,  may  be  considered  as 
approximately  true  for  average  conditions.  Counterfort  walls 
are  not  economical  for  heights  under  20  ft.  Gravity  walls  are 
economical  for  low  walls,  say  up  to  10  or  12  ft.  Reinforced 
concrete  walls  are  economical  for  heights  of  12  or  15  ft.  and  over, 
the  cantilever  type  being  used  up  to  20  ft.  Highly  reinforced 
footings  for  gravity  walls  are  seldom  economical,  although  the 
saving  in  excavation  may  render  them  so  in  some  instances.  A 
fillet  wall  is  seldom  economical  on  account  of  the  extra  cost  of 
building  the  forms  at  different  slopes  and  the  additional  cost  of 
placing  the  concrete.  A  compromise  wall,  i.e.,  a  light  gravity 
wall  lightly  reinforced,  with  a  reinforced  footing  may  be  found 
economical  in  some  instances  for  heights  of  about  10  to  15  ft. 
Breast  walls  leaning  towards  the  earth  bank  are  economical 
where  no  back  form  need  be  built,  but  where  a  back  form  is 
required,  a  wall  leaning  toward  the  bank  is  seldom  economical 
notwithstanding  it  may  require  less  material  than  other  types. 
Where  the  space  is  available,  retaining  walls  with  a  heavily 
battered  face  are  economical.  Buttressed  retaining  walls  are 
never  economical  and  have  no  justification  except  for  archi- 
tectural appearance  in  some  locations.    Retaining  walls  with 


280    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


relieving  arches  at  the  back,  although  they  have  been  built  to 
some  extent  in  the  past,  have  no  merit  to  justify  their  adoption. 

There  are  practically  no  patents  on  retaining  walls  that  need 
to  hamper  freedom  in  design,  inasmuch  as  nearly  all  patent 
claims  have  been  declared  invalid.  Where  patent  claims  do 
exist,  however,  royalty  charges  should  be  added  to  the  cost  of 
the  patented  type. 

Architectural  Treatment  of  Retaining  Walls. — For  track  eleva- 
tion purposes  or  other  construction  in  cities  where  sightliness  is 


Fig.  122. — Paneled  retaining  wall. 


an  important  factor  in  the  design  of  retaining  walls,  some  effort 
should  be  made  to  relieve  the  monotony  of  plain  wall  surfaces. 
This  can  usually  be  accomplished  without  undue  cost  by  (a) 
use  of  a  coping,  (b)  scoring  the  surface,  (c)  paneling,  (d)  buttress- 
ing, and  (e)  treatment  of  the  concrete  surface. 

The  depth  of  a  coping  should  bear  a  proper  relation  to  the 
height  of  the  wall  exposed  to  view  and  if  skilfully  designed  will 
greatly  improve  the  appearance  of  the  wall.  Making  the  depth 
of  the  coping  in  inches  approximately  equal  the  exposed  height 
in  feet  usually  gives  satisfactory  results  except  for  extremely  low 
or  extremely  high  walls.  Low  walls  (below  about  4  ft.)  do  not 
require  a  coping  and  on  high  walls  making  a  coping  deeper  than 
30  in.  adds  nothing  and  may  detract  from  the  appearance. 

Scoring  is  accomplished  by  nailing  triangular  strips  on  the  inside 
of  the  form  when  the  concrete  is  poured.  Scoring  may  properly 
run  horizontally  or  vertically,  but  preferably  the  former.  Rather 
deep  grooves  widely  spaced  give  more  pleasing  results  than  insig- 
nificant grooves  placed  close  together.  Cross  grooves  are  con- 
fusing and  should  not  be  used  generally,  but  where  they  are 
employed,  they  should  be  much  lighter  than  the  primary  grooves. 
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Fig.  123. — Section  of  a  fillet  retaining  wall. 


End  Elevafion 

Fig.  124.— Compromise  section  of  a  retaining  wall  of  the  C.  M.  &  St.  P.  Ry. 
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Paneling  is  more  expensive  than  scoring  and  must  be  done 
with  care  to  be  effective.  Either  horizontal  or  vertical  lines 
should  be  accentuated.  Paneling  must  show  a  definite  plan,  for 
a  haphazard  arrangement  is  likely  to  impair  rather  than  improve 
the  appearance  of  the  wall.  Figure  122  shows  the  mode  of 
paneling  on  a  retaining  wall  in  Meridian  Park,  Washington,1 
where  the  aesthetic  requirements  were  unusual.  This  is  a  low 
wall  varying  from  7  to  10  ft.  in  height.  For  high  walls,  the 
panels  are  commonly  placed  with  their  longer  dimension  vertical. 
An  offset  forming  a  visible  base  on  the  face  of  a  wall  usually 
improves  the  appearance. 

Building  false  buttresses  in  front  of  concrete  walls  violates 
the  first  principle  of  good  architecture,  namely,  that  of  sincerity, 
in  that  the  pseudo-buttress  pretends  to  possess  structural  value 
but  does  not.  Buttress  walls  of  stone  masonry  have  been  used 
to  rather  good  advantage  at  times. 

For  various  modes  of  treating  concrete  surfaces,  see  p.  103. 

Examples  of  Retaining  Walls. — Owing  to  the  variety  of 
factors  that  may  influence  the  shape  of  a  retaining  wall,  it  is  not 
surprising  that  a  large  variety  of  shapes  have  been  devised. 
Figure  123  is  a  fillet  section  of  a  retaining  wall  built  by  the  Bur- 
lington R.  R.  and  Fig  124  is  a  compromise  section  of  the  CM. 
&  St.  P.  Ry.  built  by  extending  the  fillet  to  the  top  in  order  to 
avoid  complicated  forms. 

Figure  125,  taken  from  Professor  Milo  S.  Ketchum's  elegant 
treatise,  "Walls,  Bins,  and  Grain  Elevators,"  shows  a  group  of 
gravity  walls,  and  illustrates  well  the  variety  of  forms  that  have 
been  used. 

1  Engineering  News,  Dec.  23,  1915. 
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BRIDGE  ABUTMENTS  AND  PIERS 

A.  Abutments 

Functions  of  a  Bridge  Abutment.— The  substructure  of  a 
bridge  consists  of  the  abutments  and  piers  together  with  their 
foundations.  A  bridge  abutment  is  a  structure  whose  function 
is  to  support  the  end  of  the  bridge  span  and  to  retain  the  earth 
embankment  carrying  the  roadway.  A  railroad  bridge  abut- 
ment, in  addition,  must  provide  support  for  the  track  as  it  passes 
from  the  earth  roadbed  on  the  approach  embankment  on  to  the 
bridge  floor,  and  to  withstand  the  traction  forces  to  which  it 
may  be  subjected.  An  abutment  for  a  railroad  bridge  should 
also  be  designed  to  prevent  disaster  in  the  event  of  derailment  of 
a  train  as  it  approaches  the  bridge.  When  the  bridge  is  over  a 
stream,  the  abutment  should  prevent  scouring  the  embankment, 
and  in  any  case,  the  abutment  should  be  designed  to  provide 
adequate  drainage  of  the  fill  behind  it. 

The  parts  of  an  abutment  are  (1)  the  footing,  (2)  the  body,  (3) 
the  bridge  seat,  (4)  the  back  wall  and  (5)  the  wing  walls.  The 
footing  must  be  spread  over  sufficient  area  so  that  the  pressure  on 
the  soil  may  not  exceed  its  bearing  capacity.  The  body  of  the 
abutment  must  have  sufficient  area  and  strength  to  support  the 
bridge  and  to  withstand  the  various  forces  transmitted  to  it 
from  the  bridge  span  and  from  the  fill  back  of  the  abutment. 
The  bridge  seat  must  have  sufficient  area  to  accomodate  the  shoe 
or  bearing  plates  of  the  truss  or  girder.  The  back-wall  prevents 
the  earth  from  slipping  or  falling  forward  on  to  the  bridge  seat 
and  must  be  sufficiently  strong  to  retain  the  fill  above  the  level 
of  the  bridge  seat  with  its  superimposed  load.  The  wing  walls 
are  extended  out  to  such  a  distance  and  at  such  a  height  and  angle 
as  to  retain  the  side  slopes  of  the  embankment  and  to  prevent 
scour  from  the  stream. 

The  problem  of  designing  a  bridge  abutment  is  to  provide  for 
these  various  functions  adequately  and  economically,  and  the 
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following  pages  will  present  briefly  an  analysis  of  the  factors 
involved. 

Types  of  Bridge  Abutments. — Early  abutments  were  nothing 
more  than  a  mass  of  stone  masonry  laid  at  the  stream  edge  to 
support  the  end  of  the  bridge  above  the  water,  and  as  a  result, 
abutments  were  uniformly  alike  for  early  bridges.  As  engineer- 
ing skill  and  knowledge  advanced,  as  the  requirements  became 
more  varied  and  as  new  building  materials  were  introduced,  e.g. 
reinforced  concrete,  various  types  have  been  introduced  to  meet 
the  varying  needs  with  a  view  to  economy  and  appearance. 
Abutments  may  be  classified  as  follows: 

1.  Pile  abutments 

2.  Steel  cylinder  abutments 

3.  Mass  abutments  of  built  up  or  plain  concrete  masonry 

(a)  Wing  abutments 

(b)  U-abutments 

(c)  Pier  abutments 

(d)  T-abutments 

4.  Reinforced  concrete  abutments 
(a)  Counterfort  wing  abutments 
(6)  U-abutments 

(c)  Arch  abutments 

(d)  Trestle  abutments 

(e)  Cellular  abutments. 

The  choice  of  type  of  abutment  depends  upon  the  foundation 
and  other  conditions  of  the  site,  the  height,  and  other  factors 
affecting  the  relative  economy. 

Stability  of  an  Abutment. — In  the  present  discussion,  abut- 
ments for  railroad  bridges  will  be  chiefly  considered  owing  to 
their  greater  complexity  of  design.  The  forces  acting  on  an 
abutment  are  the  weight  of  the  end  of  the  bridge  span  with 
any  load  that  it  may  carry,  the  traction  force  of  the  train,  the 
pressure  from  the  earth  fill  and  the  surcharge,  the  weight  of  the 
abutment,  centrifugal  and  wind  forces  acting  on  the  bridge  span 
and  transmitted  to  the  abutment,  and  the  reaction  of  the  founda- 
tion. As  in  the  case  of  a  dam  or  a  retaining  wall,  an  abutment 
must  be  stable  against  sliding  and  overturning  and  against  failure 
within  the  structure  itself.  It  must  be  stable  with  and  without 
the  bridge  in  place.    See  Fig.  126. 

The  method  of  calculating  the  pressure  from  the  earth  fill  and 
its  surcharge  was  explained  in  the  previous  chapter,  being  the  same 
for  an  abutment  as  for  a  retaining  wall.-  The  pressure  from  the 
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live  load  surcharge  under  a  railroad  track  is  distributed  laterally 
over  a  width  limited  by  lines  with  a  slope  of  1 : 2  running  outward 
from  either  end  of  the  ties  or  from  the  edge  of  the  ballast.  Figure 

126(b)  shows  this  distribution 
of  load.  It  is  not  customary 
to  consider  an  impact  effect 
from  moving  loads  since  any 
vibration  is  supposed  to  be 
entirely  dissipated  through  the 
embankment.  In  calculating 
the  pressure  on  the  wall,  it  is 
good  practice  to  consider  the 
load  of  the  track  and  train  as 
spread  over  a  width  of  10  ft.  at 
the  bottom  of  the  ballast  for  a 
single  track  road,  where  the 
ballast  is  of  standard  depth. 

The  traction  force  results 
from  the  train  applying  the 
brakes  while  passing  over  the 
bridge,  or  to  a  lesser  extent  in 
the  locomotive  accelerating  its 
train,  tending  to  push  the 
bridge  longitudinally.  A  train 
is  decelerated,  of  course,  when 
the  brakes  are  set,  by  the  hori- 
zontal component  of  the  reac- 
tion of  the  track  against  the 
wheels  and  that  portion  of  the 
train  that  is  on  the  bridge  communicates  this  horizontal  force 
to  the  substructure  through  the  bridge  superstructure.  The 
total  amount  of  this  traction  force  equals  the  weight  of  the  train 
on  the  bridge  multiplied  by  the  friction  per  pound  developed 
between  the  track  and  the  wheels.  It  is  commonly  assumed 
that  this  force  equals  the  weight  multiplied  by  a  friction  factor 
of  0.2;  for  long  spans  (over  250  ft.),  a  coefficient  of  0.1  is  more 
commonly  used  because  of  the  improbability  of  all  the  wheels 
acting  at  a  maximum  grip  simultaneously. 

This  tractive  force  is  sustained  by  (a)  being  transmitted  along 
the  track  producing  tension  in  the  rails  back  of  the  train  and 
compression  forward,  and  (b)  being  transmitted  to  the  sub- 
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BRIDGE  ABUTMENTS  AND  PIERS 


287 


structure  of  the  bridge;  the  proportion  withstood  by  each  of 
these  resistances  is  entirely  indeterminate.  The  portion  of  the 
traction  force  sustained  by  tension  and  compression  in  the  rails 
is  limited  probably  to  the  frictional  resistance  to  slipping  between 
the  rails  and  the  angle  bars  at  the  joints.  Each  joint  has  been 
found  capable  of  sustaining  30,000  to  70,000  lb.  equivalent  to 
about  4,000  lb.  per  square  inch  in  the  rail  section.  The  amount  of 
the  tractive  force  carried  by  the  track  would,  therefore,  be 
limited  to  about  120,000  to  280,000  lb.  or  the  total  traction  of 
Cooper's  E50  loading  on  a  120-  'to  280-ft.  span.  It  is  probable, 
owing  to  the  fact  that  the  resistance  of  the  rails  is  more  direct 
and  rigid  than  the  reaction  of  the  substructure  through  the  bear- 
ing and  frame  of  the  superstructure,  that  most  of  the  traction 
force  is  carried  by  the  rails  up  to  this  limit.  Many  of  the  more 
conservative  engineers,  however,  assign  the  entire  traction  force 
to  the  substructure  and  design  it  accordingly. 

Owing  to  the  greater  rigidity  of  the  abutments  as  compared 
with  the  piers,  the  portion  of  the  traction  force  that  is  sustained 
by  the  substructure,  is  probably  divided  between  the  abutments 
and  piers  with  the  larger  proportion  to  the  former  where  the 
number  of  piers  is  not  greater  than  the  number  of  abutments 
and  the  bridge  spans  are  attached  with  equal  rigidity  in  each 
case.  For  spans  of  any  considerable  length,  one  end  is  fixed 
and  the  other  rests  on  rollers  or  rockers  to  permit  expansion  and 
contraction.  The  traction  force  of  such  a  span  that  is  carried 
by  the  substructure  should  obviously  be  assigned  to  the  abut- 
ment or  pier  supporting  the  fixed  end. 

The  live  load  is  commonly  equated  to  an  equivalent  surcharge 
of  earth.  Thus  with  the  track  and  train  producing  a  load  of 
6,000  lb.  per  linear  foot  of  track  considered  as  spread  laterally 
over  a  width  of  10  ft.,  the  equivalent  surcharge  is  6  ft.,  assuming 
the  earth  fill  to  weigh  100  lbs.  per  cubic  foot. 

The  amount  of  centrifugal  and  wind  forces  will  be  considered 
later  in  their  application  to  piers.    (See  p.  305.) 

The  stability  of  an  abutment  is  investigated  essentially  as  in 
the  case  of  a  retaining  wall,  the  wings  being  in  reality  only 
retaining  walls,  and  for  that  reason,  an  extended  discussion  here 
is  not  necessary.  The  body  of  the  abutment  and  the  wings 
should,  in  general,  be  made  stable  independent  of  each  other, 
although  straight  short  wings  are  sometimes  tied  to  the  body  and 
the  stabilitv  of  the  whole  structure  considered  as  a  unit.  No 
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horizontal  restraint  is  considered  to  be  afforded  by  the  super- 
structure. In  investigating  the  stability  of  an  abutment  a 
section  1  ft.  long  is  usually  considered,  but  conditions  may 
necessitate  the  calculations  being  made  on  the  whole  abutment 
as  a  unit. 

When  the  abutment  rests  on  piles,  the  resultant  pressure 
should  fall  well  within  the  piles  and  properly  should  cut  the  base 
at  the  center  of  gravity  of  the  pile  foundation  for  the  condition  of 
maximum  severity.    (See  p.  467.) 

Mass  Abutments. — Mass  abutments  are  designed  to  resist  the 
forces  acting  upon  them  by  the  inertia  of  their  own  weight.  They 
include  wing  wall  abutments,  either  straight  or  at  an  angle,  U- 
abutments,  T-abutments  and  pier  abutments  without  wings. 
Figure  127  is  a  plan  of  a  plain  mass  abutment.1 

The  angle  that  the  wings  make  with  the  body  of  the  abutment 
may  vary  from  0°  to  90°;  at  the  former  extreme,  the  abutment 
becomes  one  with  straight  wing  walls  and  at  the  latter,  it  becomes 
a  U-abutment.  The  angle  is  selected  to  meet  the  peculiar  con- 
ditions of  the  site.  Straight  wing  walls  are  always  cheaper  to 
construct  and  are  generally  used  on  small  structures  where  there 
is  little  likelihood  of  scouring  from  the  stream.  Angle  wings 
are  used  to  prevent  scour,  the  usual  angle  being  15°  to  30°,  the 
larger  angle  corresponding  to  the  wider  spread  of  the  stream  in 
high  water,  and  the  smaller,  to  a  more  confined  channel. 
Angle  wings  facilitate  the  passage  of  drift  and  debris.  The 
top  slope  of  the  wing  wall  may  be  either  stepped  or  sloped,  the 
latter  being  more  common  in  concrete  construction  and  the  former 
in  built-up  masonry. 

U-abutments  are  frequently  used  where  the  approach  to  the 
bridge  is  a  long  embankment,  the  earth  fill  being  allowed  to  spill 
down  past  the  wings  as  shown  in  Fig.  128.  T-abutments  were 
formerly  used  to  a  considerable  extent,  but  exist  now  only  in  the 
older  structures. 

The  back  wall  must  be  designed  to  withstand  the  pressure  of 
the  earth  behind  it  with  the  load  carried  thereon.  It  may  fre- 
quently be  economically  designed  with  reinforcing  rods  extending 
from  the  body  of  the  abutment  in  order  to  diminish  the  thick- 
ness. Moreover,  where  the  structure  is  being  erected  under 
traffic,  to  facilitate  construction  of  the  track  and  bridge  steel 
work,  the  back  is  built  last,  in  which  case  these  reinforcing  bars 

1  Proc.  Am.  Ry.  Eng.  Assn.,  vol.  13,  p.  1092. 
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may  serve  as  dowels  to  attach  the  back  wall  to  the  bridge  seat. 
The  C.  M.  &  St.  P.  R.  R.  uses  a  backwall  with  a  removable  top, 
which  is  inserted  in  slots  in  the  top  of  the  base  of  the  backwall 
and  at  the  sides.    This  is  to  facilitate  construction  under  traffic. 


Section  "A  "on  5ecrion'B"on  SecTion'C" 

i  of  Traak.  £  &  f  TrtrcK. 

Type  8,  Plain  Concrete  sVma-  Abv  trnent 
with  Plain  Concrete  Socfcwc/I 


Fig.  127.— Details  of  a  mass  bridge  abutment  of  C.  M.  &  St.  P.  Ry. 

Whether  an  abutment  should  be  vertical  on  the  face  or  inclined 
backwards  depends  upon  the  circumstances.  In  the  case  of  a 
viaduct  over  a  street  or  in  other  circumstances  where  the  span 
is  fixed  and  vertical  sides  are  required,  the  front  of  the  abutment 

19 
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must  be  vertical.  At  a  stream  crossing,  a  saving  can  sometimes 
be  effected  by  giving  the  face  a  batter  so  that  the  load  of  the 
bridge  superstructure  may  fall  over  the  center  of  the  foundation, 
or  even  back  of  it,  and  thus  serve  to  equalize  the  pressures  on 
the  foundation.  However,  in  general,  it  will  not  pay  to  lengthen 
the  bridge  span  in  order  to  accomplish  this  result.  Hence,  in 
order  to  afford  the  required  waterway  or  clear  span  between 
abutments,  the  batter  may  be  made  larger  at  the  bottom  below 
ground. 


Fig.  128. — Masonry  U-abutment. 


Reinforced  Concrete  Abutments.1 — For  high  abutments,  rein- 
forced concrete  construction  is  more  economical  than  plain  ma- 
sonry structures,  the  choice  of  type  being  dependent  on  the  condi- 
tions of  scour,  whether  the  earth  may  spill  forward  or  not,  and  the 
height. 

The  counterfort  type,  Figs.  129  and  130,  consists  of  a  footing 
slab  spread  sufficiently  to  provide  adequate  bearing  area,  a 
curtain  wall  anchored  to  the  counterforts,  a  bridge  seat  reinforced 
over  the  spans  between  the  counterforts,  and  the  backwall  also 
anchored  to  the  counterforts.  This  type  is  rather  more  expensive 
than  plain  concrete  mass  abutments  for  heights  less  than  about 
30  ft. 

1  Many  of  the  illustrations,  of  reinforced  concrete  abutments  used  herein 
are  taken  from  the  excellent  monograph  by  J.  H.  Prior,  "Bridge  Abut- 
ments," in  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  13. 
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The  reinforced  concrete  U-abutment,  Fig.  131,  consists  essen- 
tially of  the  footing  under  the  front  curtain  wall,  the  bridge  seat 
reinforced  as  a  slab  over  the  span  between  the  side  walls  and 
resting  also  on  the  front  curtain  wall,  the  back  wall  resting  on  the 
bridge  seat  and  tied  to  the  side  walls,  and  lastly  the  side  walls 
tied  together  by  means  of  reinforced  concrete  ties  through  the  fill. 
This  is  an  economical  type  for  fills  of  25  to  30  ft.  in  height  where 


Fig.  129. — Counterfort  abutment,  K.  C.  M.  &  O.  R.  R. 


there  is  no  danger  of  scour  from  the  stream.  With  a  heavier  pier 
at  the  front  in  place  of  the  thin  curtain  wall,  this  type  of  abut- 
ment may  be  advantageously  used  in  the  construction  of  arch 
bridges.  In  calculating  the  stability  against  overturning,  the 
weight  of  the  side  walls,  the  weight  of  the  earth  on  the  footings 
of  the  side  walls  and  friction  of  the  earth  on  the  side  walls  may  be 
included  in  the  forces  contributing  to  the  resisting  moment. 

Where  a  deck  of  reinforced  concrete  slabs  is  laid  on  the  side 
walls,  arch  openings  may  be  left  in  the  side  walls,  thus  effecting 
a  saving  of  material.  Figure  132  shows  such  an  abutment 
after  the  fill  is  in  place.  The  beams  over  these  openings  are 
designed  as  fixed  beams,  the  openings  being  arches  in  appearance 
only.  Where  the  earth  spills  forward  on  both  the  inside  and  the 
outside  of  the  side  walls,  the  lateral  pressure  from  the  earth  is 
almost  entirely  eliminated. 

For  greater  heights,  where  the  spilling  forward  of  the  earth  is 
not  objectionable,  the  reinforced  concrete  trestle  type  is  econom- 
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ical.  Figure  133  is  a  photograph  of  the  abutment  built  by  the 
C.  M.  &  St.  P.  R.  R.1  over  the  Lind  Coulee  in  Washington.  It  is 
77  ft.  high,  contains  900  cu.  yds.  of  concrete  and  103,000  lbs.  of 
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Fig.  130. — Details  of  a  counterfort  abutment,  C.  M.  &  St.  P.  Ry. 

steel,  and  brings  a  soil  pressure  on  the  gravel  foundation  of  S}4  to 
4)"^  tons  per  square  foot. 

Cellular  abutments  consist  of  a  heavy  front  wall  or  body  to 
withstand  the  thrust  or  load  from  the  bridge,  and  a  cellular  or 
box  construction  back  of  this  wall  to  retain  the  fill  and  support 
the  roadway,  the  weight  of  this  fill  assisting  in  stabilizing  the 

1  Engineering  Record,  Sept.  26,  1914. 
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abutment,  the  entire  weight  of  the  cells  and  the  fill  being  consid- 
ered in  calculating  the  stability.  They  are  much  used  in  the 
design  of  reinforced  concrete  arches  of  long  span.    Figure  134 
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Fig.  131. — Details  of  a  reinforced  concrete  V-abutment,  C.  M.  &  St.  P.  Ry. 

illustrates  an  abutment  of  this  type  resting  on  a  shaft  sunk  to 
gravel  and  boulders  by  the  pneumatic  caisson  process,  being 
the  abutment  of  the  132-ft.  arch  over  the  Kansas  River  at 
Lawrence. 

General  Dimensions, — The  dimensions  of  a  bridge  abutment 
in  addition  to  securing  stability  to  the  structure  must  accommo- 
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Fig.  133 —Trestle  abutment,  C.  M.  &  St.  P.  Ry. 
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date  the  superstructure  of  the  bridge  and  otherwise  meet  the 
needs  of  the  situation.  The  width  of  the  bridge  seat  must  be 
adequate  to  provide  for  the  bridge  bearing  plates  or  pedestals 
under  the  ends  of  the  trusses  or  girders,  with  a  clearance  of  about 


Fig.  134. — Cellular  abutment  for  highway  arch  bridge  at  Lawrence,  Kansas. 

4  in.  between  the  back  wall  and  a  deck  girder  and  about  6  in. 
between  the  back  wall  and  a  truss,  and  the  edge  of  the  bearing 
plates  should  not  be  nearer  than  1  ft.  from  the  edge  of  the  masonry. 
At  the  roller  end  of  a  span,  the  movement  of  about  1  in.  per  100  ft. 


Fig.  135. — Position  of  superstructure  on  an  abutment. 

of  span  each  way  from  a  mean  position  should  be  provided  for 
in  good  practice.  The  top  of  the  back  wall  should  reach  to  the 
base  of  the  ties,  and  some  roads  permit  it  to  extend  up  between  two 
ties  slightly.  Where  deck  slabs  carry  a  ballasted  track  on  the 
bridge,  the  back  wall  is  made  to  fit  the  shape  of  the  slab  so  that 
there  is  no  break  in  the  continuity  of  the  ballast.  The  height 
of  the  back  wall  above  the  bridge  seat,  is  dependent,  therefore, 
on  the  kind  of  bridge  superstructure,  differing  for  trusses,  deck 
girders,  through  girders,  and  for  ballasted  and  open  deck  bridges. 
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Fig.  136. — Standard  bridge  abutment  of  C.  M.  &  St.  P.  Ry. 
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Figure  135  illustrates  the  mode  of  placing  the  superstructure  on 
the  abutment,  (a)  being  for  a  through  truss,  (b)  for  a  through 
girder  and  (c)  for  a  deck  girder  bridge. 

Batters  on  the  front  or  back  of  abutments  should  not  exceed 
about  4  in.  to  1  ft.  because  of  the  difficulty  in  anchoring  the  forms 
so  as  to  prevent  their  rising  due  to  the  buoyancy  of  the  fresh 
concrete. 


Fig.  137/ — Disposition  of  the  earth  slopes  at  the  end  of  a  wing  wall. 

An  abutment  is  preferably  dimensioned  on  the  drawings  using 
the  center  line  of  track  and  the  bottom  line  of  the  face  of  the  body 
as  axes  to  which  dimensions  of  controlling  details  should  be  refer- 
enced. Figure  136  is  the  standard  instruction  sheet  for  detailing 
mass  abutments  on  the  C.  M.  &  St.  P.  R.  R.  and  illustrates 
a  proper  method  of  dimensioning. 

Wing  Walls. — The  purpose  of  the  wing  walls  is  to  retain  the 
side  slopes  of  the  embankment.  The  cross  section  is  designed 
so  that  it  will  be  stable  against  the  pressure  of  the  earth  behind 
it,  and  is  designed  essentially  as  a  retaining  wall.  The  top  of  the 
wing  wall  should  extend  level  past  the  shoulder  of  the  embank- 
ment and  then  it  should  slope  downward  at  the  natural  angle 
of  repose  of  the  earth  in  the  embankment.  This  top  slope  may 
be  either  stepped  or  inclined. 
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The  embankment  slope  will  spill,  or  "tail,"  around  the  end  of 
the  wing  wall  as  shown  at  ABC,  Fig.  137,  and  due  consideration 
should  be  given  to  the  full  cone  of  earth  as  it  spills  from  the 
highest  point  of  retention.  It  should  not  be  allowed  to  spill 
farther  than  the  conditions  surrounding  the  abutment  will  war- 
rant, while,  on  the  other  hand,  it  may  properly  spill  as  far  as  it 
will  without  harm,  for  any  unnecessary  length  of  wall  adds  to 
the  cost  of  the  structure.  Obviously  it  would  be  uneconomical 
and  impractical  to  prevent  any  earth  from  spilling  in  front  of  the 
wall,  hence  a  practical  compromise  is  adopted,  usually  about  4  ft. 
for  the  end  height.  Figure  137  illustrates  the  method  of  studying 
the  disposition  of  the  earth  about  the  end  of  the  wing  for  any 
angle  of  inclination  of  the  wall.  OA  =  l.hmn  and  O'A'  =  1.5 
m'n' . 

The  slope  of  the  top  of  the  wing  wall  will  obviously  depend  upon 
the  angle  of  the  wing  as  well  as  on  the  natural  slope  of  the  embank- 
ment, the  true  slope  being  s/cos  A,  where  s  is  the  slope  of  the 
embankment  at  right  angles  to  the  track,  and  A  is  the  angle  of  the 
wing  with  the  normal  to  the  track. 

In  skew  bridges,  the  wing  wall  at  the  slack  end  can  be  turned 
at  right  angles  to  the  embankment  with  a  decided  economy,  and 
improvement  in  appearance.  At  the  acute  end,  the  slope  of  the 
wing  wall  if  straight  will  be  s/sin  0,  0  being  the  angle  of  skew. 
Figure  138  illustrates  a  typical  skew  abutment  of  the  C.  M.  & 
St.  P.  R.  R.1 

Where  wing  walls  of  a  mass  abutment  make  an  angle  of  45° 
or  less  with  the  face  of  the  abutment,  they  should  be  separated 
therefrom  by  a  keyed  construction  joint  at  or  near  the  apex  of 
the  angle. 

Relative  Economy. — Various  factors  enter  into  the  cost  of  a 
bridge  abutment,  and  that  type  of  abutment  will  be  the  cheapest 
which  renders  the  sum  of  these  elements  a  minimum,  assuming, 
of  course  that  the  various  types  perform  their  functions  equally 
well.  These  factors  are  (a)  the  cost  of  the  masonry  in  the  body 
walls  above  the  footing,  (b)  the  cost  of  the  masonry  in  the  foot- 
ing, (c)  cost  of  forms,  (d)  cost  of  excavation.  The  abutment 
containing  a  minimum  amount  of  masonry  is  not  necessarily 
the  cheapest  because  the  character  of  the  masonry  may  cause  the 
unit  cost  to  be  high.  Sometimes  it  is  economical  to  use  rein- 
forced concrete  footings  instead  of  plain  concrete  on  account  of 

1  Courtesy  C.  N.  Baineridge,  Engineer  of  Design. 
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the  additional  excavation  that  deeper  plain  footings  may 
require. 

Possible  extensions  that  may  be  required  for  double  track  or 
other  reason  should  be  kept  in  mind  where  such  extension  is 
probable  and  the  original  design  made  with  a  view  to  facilitating 
such  an  extension.  For  example,  straight  wing  walls  can  be 
incorporated  in  the  body  of  an  extension  to  an  abutment,  hence 
they  offer  an  opportunity  for  cheaper  extension  than  do  wings  at 
an  angle. 

In  the  paper  previously  referred  to,  J.  H.  Prior  made  an  exten- 
sive study  of  the  costs  of  different  types  of  abutments  and  Fig.  139 
(a),  (b),  and  (c)  taken  from  that  paper  indicate  the  relative  costs 
of  the  various  factors  entering  for  a  mass  wing  wall  abutment, 
a  reinforced  concrete  abutment  and  a  trestle  abutment  respec- 
tively and  Fig.  140  shows  the  total  costs  of  the  various  types. 
The  conclusion  may  be  drawn  that  in  general,  mass  abutments 
are  economical  for  heights  up  to  15  ft.  or  less,  between  15  and  35 
ft.  a  form  of  reinforced  concrete  abutment  should  be  used  of  the 
cantilever  type,  and  for  heights  greater  than  35  ft.,  the  trestle 
abutment  is  the  most  economical.  These  limits  apply  only  to 
railway  bridges;  for  highway  bridges,  the  lower  limit  for  each 
type  should  be  perhaps  not  more  than  0.8  of  the  above  limits, 
because  of  the  lighter  superimposed  loads  carried. 

Highway  Bridge  Abutments. — The  principles  governing  the 
design  of  highway  bridge  abutments  are  essentially  similar  to 
those  discussed  above  for  railway  bridges  except  that  the  live 
load  to  be  provided  for  is  less.  Traction  forces  may  generally 
be  neglected  and  the  problem  of  conducting  the  roadway  onto 
the  bridge  is  simpler.  Because  of  less  stringent  grade  restric- 
tions, highway  bridge  abutments  are  not  likely  to  be  so  high  as 
many  railroad  abutments.  Figure  141  shows  the  standard  truss 
bridge  abutment  of  the  Iowa  State  Highway  Commission  for 
heights  between  20  and  30  ft.  The  top  of  wing  walls  is  usually 
12  in.  or  less  and  the  construction  is  lighter  in  every  respect  than 
for  railway  construction. 

B.  Bridge  Piers 

Forces  Acting  on  a  Bridge  Pier. — The  function  of  a  bridge 
pier  is  to  support  the  intermediate  ends  of  bridge  spans  with  a 
minimum  obstruction  to  the  stream.    The  possible  forces  acting 
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Diagram  Showing  lota/  Cost  of  Abutments  of  Various  Heights 
Fig.  140. — Relative  costs  of  railway  bridge  abutments  of  various  types. 
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on  a  bridge  pier  are  (a)  the  end  load  of  the  two  adjacent  bridge 
spans,  (b)  the  wind  load  acting  on  the  pier,  on  the  superstructure 
and  on  the  moving  load,  (c)  the  traction  forces  due  to  the  live 
load,  (d)  the  impact  of  floating  debris  and  ice,  (e)  the  pressure 
of  the  stream  of  water  and  of  solid  ice,  (f)  forces  resulting  from 
the  expansion  and  contraction  of  the  superstructure,  (g)  the 
weight  of  the  pier  itself  and  (h)  the  reaction  of  the  foundation. 
Where  water  can  enter  under  a  pier,  an  additional  force,  namely 
the  buoyant  force  or  uplift  of  intrusive  water,  should  be  con- 
sidered as  in  the  case  of  dams. 

The  end  load  or  reaction  of  the  bridge  spans  include  the  weight 
of  the  trusses  or  girders  and  floor,  the  roadway  and  track,  and 
the  maximum  live  load  that  can  properly  be  considered  as  carried 
to  the  pier. 

The  wind  load  for  railway  bridges  is  specified  by  the  American 
Railway  Engineering  Association  as  30  lbs.  per  square  foot  on  the 
projected  area  of  the  superstructure,  plus  400  lbs.  per  linear  foot 
for  the  pressure  on  the  train,  applied  7  ft.  above  the  rail.  An 
allowance  of  30  lbs.  per  square  foot  on  the  pier  itself  should  also 
be  made. 

The  pressure  of  the  water  and  of  solid  ice  is  conjectural  but 
probably  small.  It  depends  upon  the  shape  of  the  end  of  the  pier 
being  greatest  for  a  flat  ended  pier.    The  pressure  of  the  water  in 

V2 

lbs.  per  square  foot  is  given  by  the  formula  P  =  k-w-^,  in  which 

w  is  the  weight  of  the  water  per  cubic  foot  (62.3  lbs.  for  fresh 
water),  V  is  the  velocity  of  the  stream  in  ft.  per  second.,  and  k 
is  a  factor  depending  on  the  shape  and  proportions  of  the  pier, 
being  V/^  for  square  ends,  }A  f°r  angle  ends  where  the  angle  is 
30°  or  less,  and  %  for  circular  piers.  The  mean  velocity  is  about 
0.6  the  depth  measured  from  the  surface  and  the  center  of  pres- 
sure at  about  half  the  depth. 

The  amount  of  traction  force  transmitted  to  the  substructure 
of  a  bridge  was  discussed  under  abutments.  Where  the  fixed 
end  of  a  truss  or  girder  span  rests  on  a  pier,  and  the  other  end  is 
on  rockers,  the  pier  will  be  required  to  sustain  the  full  amount 
of  the  traction  considered  as  transmitted  to  the  substructure. 
In  the  case  of  a  double  track  structure,  traction  forces  on  one 
track  only  need  be  considered  at  one  time  because  traction  due  to 
acceleration  is  small.  However,  for  a  bridge  on  a  steep  grade 
where  brakes  may  be  set  in  one  direction  and  heavy  pulling  in 
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the  other,  traction  should  be  allowed  on  both  tracks,  that  on  the 
second  track  being  considered  as  the  actual  grade  resistance  at 
20  lbs.  per  ton  of  train  multiplied  by  the  per  cent  of  grade. 
Traction  forces  are  not  considered  on  highway  bridge  piers. 

The  centrifugal  force  where  the  bridge  is  located  on  a  curve  is, 
from  mechanics,  W V2/S2-2R,  where  W  is  the  weight  of  the  train 
on  the  track  tributary  to  the  pier,  V,  the  velocity  in  ft.  per 
second,  and  R  the  radius  of  the  curve  in  feet.  This  force  is 
commonly  considered  as  effective  at  the  top  of  the  rail  and  is 
calculated  for  a  speed  of  60  -  2}^D  miles  per  hour,  D  being  the 
degree  of  curve.  In  reality,  the  force  acts,  of  course,  through 
the  center  of  gravity  of  the  train,  which  is  about  6  or  7  ft.  above 
the  top  of  rail. 

The  longitudinal  force  resulting  from  the  expansion  and  con- 
traction of  the  span  may  equal  one-half  the  weight  of  the  super- 
structure multiplied  by  the  coefficient  of  friction,  but  where 
proper  rollers  or  rockers  are  provided,  it  is  a  small  fraction  of  this 
maximum  frictional  force. 

Impact  is  not  usually  considered  as  being  effective  on  bridge 
piers. 

Stability  of  a  Bridge  Pier. — A  bridge  pier  should  be  stable 
against  the  forces  acting  upon  it  with  respect  to  (1)  sliding  down 
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Fig.  142. — Forces  acting  on  a  bridge  pier. 


stream,  (2)  sliding  in  the  direction  of  the  axis  of  the  bridge,  (3) 
overturning  about  the  downstream  toe,  (4)  overturning  about 
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one  side  of  the  footing;  and  (5)  the  maximum  pressure  at  a  side 
and  at  the  downstream  end  should  not  exceed  the  allowable 
bearing  pressure,  and  (6)  the  shaft  of  the  pier  and  the  footing 
should  be  stable  against  failures  due  to  internal  stresses. 

The  reaction  of  the  end  span  due  to  live  load  will  be  eccentric 
when  one  span  is  loaded  and  the  other  is  not.    The  maximum 

W  6e 

soil  pressure  is  found  as  before  by  the  formula  -^-(1  +  ~r),  W 

being  the  total  load,  A  the  area  of  the  base,  e  the  eccentricity 
of  the  resultant  load,  and  d  the  dimension  at  right  angles  to  the 
edge  at  which  pressure  is  being  computed.  Figure  142  shows  a 
bridge  pier  with  the  forces  acting,  or  which  under  certain  cir- 
cumstances may  act  upon  it,  expressed  in  kips.  Obviously 
these  can  not  all  act  simultaneously  and  in  calculating  the  soil 
pressure  at  the  side  or  at  the  end,  only  those  forces  that  may 
act  simultaneously  should  be  considered.  This  pier  is  under  an 
Illinois  Central  R.  R.  bridge  over  the  Tennessee  River,  and  most 
of  the  quantities  were  taken  from  an  article  by  W.  M.  Torrance 
in  Engineering  News,  Vol.  53,  p.  548. 

Design  of  Pier  for  Waterway  Requirements. — In  the  design 
of  a  bridge  pier,  as  well  as  in  the  case  of  almost  any  other  struc- 
ture that  is  to  be  placed  in  a  stream,  one  of  the  chief  considera- 
tions is  the  effect  on  the  behavior  of  the  stream.  The  importance 
of  designing  such  structures  so  that  they  will  not  seriously 
diminish  the  carrying  capacity  of  the  stream  bed  should  be 
given  due  weight.  Two  effects  may  result  from  the  building  of  a 
pier  in  mid-stream,  viz.,  (1)  the  stream  may  be  deflected  so  as  to 
change  the  existing  relation  between  the  cutting  and  the  filling 
banks  of  the  stream,  which  effect  should  be  cared  for  in  such  a 
manner  that  harm  to  existing  structures  cannot  result,  and  (2) 
the  flow  may  be  so  obstructed  that  the  carrying  capacity  of  the 
stream  bed  will  be  reduced,  causing  an  increase  in  the  height  of 
the  water  level. 

When  a  pier  is  set  at  an  angle  to  the  thread  of  the  current,  it 
tends  to  deflect  the  stream  in  some  cases  so  as  to  cut  into  the 
bank  with  resulting  injury  to  structures  thereon,  or  perhaps  to 
the  embankment  of  the  railroad  itself.  While  this  situation 
does  not  often  arise,  it  should  be  given  proper  consideration. 

Where  possible,  a  bridge  should  be  placed  across  a  stream  at  a 
comparatively  straight  stretch  in  order  to  minimize  the  difficulties 
in  placing  the  piers  parallel  to  the  direction  of  the  current.  When 
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the  bridge  is  not  at  right  angles  to  the  stream,  the  piers  must  be 
set  askew  with  the  bridge  in  order  that  the  piers  may  parallel  the 
stream.  Where  the  bridge  crosses  at  a  bend  in  the  stream,  obvi- 
ously the  difficulties  of  satisfactorily  locating  the  piers  are 
increased. 

The  effect  of  bridge  piers  in  obstructing  the  current  is  impor- 
tant, for  the  piers  may  cause  an  increase  in  the  height  of  the  back- 
water which  may  result  in  serious  overflow  of  property,  railroads 
being  frequently  defendants  in  suits  for  damages  from  this  source. 
No  exact  solution  of  the  height  of  backwater  curve  exists, 
although  many  have  been  proposed.  The  Eytelwein  formula 
for  backwater  is  perhaps  as  reliable  as  any,  which  is, 


in  which  y  =  the  height  of  backwater  in  feet ; 

V  =  velocity  of  the  stream  in  ft.  per  second  in  the 

approach  channel; 
W  =  the  full  width  of  the  approach  channel  in  feet; 
w  =  the  contracted  width  between  piers; 
h  =  the  normal  depth  of  the  stream  below  the  piers; 
m  =  a  coefficient  of  contraction,  0.70  for  square  headed 
piers,  0.90  for  rounded  piers,  and  0.95  for  acute 
angle-nosed  piers. 
Obviously  the  above  equation  must  be  solved  by  trial  since 
it  is  not  an  explicit  function.    The  effect  on  the  discharge  of  a 
properly  shaped  tail  of  the  pier  is  neglected  in  this  formula,  a 
matter  of  considerable  importance. 

Experiments  performed  at  the  University  of  Michigan1  indi- 
cated the  following  conclusions: 

1.  The  best  practical  form  of  a  pier  nose  is  either  the  half  round  or  half 
elliptical,  these  shapes  giving  better  discharge  efficiencies  than  the  pointed 
nose. 

2.  The  best  practical  form  for  the  tail  of  a  pier  is  the  half  rounded. 

3.  The  discharge  may  be  increased  7  to  25  per  cent  by  substituting  an 
efficient  tail  for  a  square  one  where  the  velocity  is  4  ft.  per  second. 

4.  The  discharge  may  be  increased  35  to  45  per  cent  by  substituting  an 
efficient  nose  for  a  square  one  when  the  velocity  is  4  ft.  per  second. 

5.  The  90°  angled  nose  is  not  satisfactory,  the  angle  for  best  efficiencies 
being  45°  or  less. 

1  Paper  by  F.  A.  Flagler,  Trans.  Amer.  Soc.  C.  E.,  vol.  82,  p.  334. 
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Fig.  143(A). — Standard  mass  bridge  piers  of  C.  M.  &  St.  P.  Ry. 
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Fig.  143(B).— Standard  mass  bridge  piers  of  C.  M.  &  St.  P.  Ry. 
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Where  a  pointed  cutwater  is  used,  the  shoulders  should  be 
rounded  to  avoid  eddying,  for  the  eddying  caused  by  angles 
results  in  a  loss  of  much  of  the  advantage  of  a  rounded  or  pointed 
cutwater.  Where  the  axis  of  the  pier  makes  only  a  slight  angle 
with  the  stream,  the  effect  of  a  skew  pier  can  be  approximated  by 
making  the  nose  unsymmetrical  as  in  type  C,  Fig.  143,  which  is  a 
type  of  pier  used  by  the  C.  M.  &  St.  P.  R.  R.  Where  there  is  a 
possibility  of  damage  from  floating  ice  and  debris,  an  angle  iron 
can  be  placed  at  the  point  of  the  nose  of  the  cutwater,  or  a  rail 
embedded  as  shown  in  Fig.  143. 


Fig.  144. — Cocked  hat  starling. 


Where  the  cutwater  projects  beyond  the  main  body  of  the 
pier  and  is  discontinued  above  the  high  water  line,  it  is  frequently 
called  a  "starling"  and  the  coping  of  the  starling  is  commonly 
termed  a  "  cocked  hat. "  The  cocked  hat  or  coping  should  extend 
over  the  starling  only.  See  Fig.  144.  Where  severe  conditions 
of  floating  ice  are  to  be  expected  as  in  the  northern  climate,  the 
cutwater  is  given  a  slope  of  perhaps  45°  between  the  elevations 
of  high  and  low  water  and  it  may  be  protected  with  iron  rails 
or  plates,  bolted  to  the  masonry. 

Dimensions  of  Bridge  Piers. — The  dimensions  of  a  bridge 
pier  are  determined  by  the  nature  and  elevation  of  the  structure 
to  be  carried  and  by  the  clearances  required  under  the  bridge. 
The  height  of  a  pier  carrying  an  overhead  crossing  must  be  such 
that  the  lowest  point  of  the  superstructure  ("low  steel"  or  "low 
masonry")  shall  be  at  least  equal  to  the  specified  clearance  above 
the  other  track — 22  ft.  above  top  of  rail  is  specified  by  the  Ameri- 
can Railway  Engineering  Association.  The  height  of  a  pier 
for  a  stream  is  sometimes  fixed  by  the  necessary  height  of  the 
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roadway  over  the  stream,  otherwise  its  minimum  height  should 
be  such  as  to  keep  the  bottom  of  the  superstructure  well  above 
high  water  so  that  drift,  etc.  may  not  lodge  against  the  structure 
and  also  so  that  the  total  waterway  may  be  ample  to  pass  the 
maximum  flood.  Ten  feet  clearance  above  high  water  will 
usually  suffice  to  pass  drift  and  ice. 

The  width  of  the  top  of  a  bridge  pier  should  be  such  as  to 
afford  sufficient  clearance  on  the  outside  of  the  bridge  pedestal. 
The  C.  M.  &  St.  P.  R.  R.  requires  1  ft.  clearance  on  the  side  and 
13^2  ft.  on  the  ends  beyond  the  edge  of  the  pedestal.  In  the  case 
of  a  viaduct  over  yard  tracks  where  it  is  necessary  to  reduce  the 
pier  width  to  a  minimum,  these  clearances  can  be  practically 
eliminated. 

The  length  of  a  pier  is  dependent  upon  the  lateral  spacing  of 
the  trusses  or  girders  of  the  superstructure.  The  economic 
spacing  for  lateral  rigidity  of  through  trusses  is  about  3^0  to 
}{8  of  the  span.  Clearance  requirements  usually  determine 
the  spacing  of  through  girders,  making  it  usually  about  143^  ft. 
center  to  center  for  single  railway  track.  Deck  girders  are 
commonly  spaced  6  to  8  ft.  center  to  center  for  spans  less  than 
60  ft.  and  for  spans  greater  than  this  at  about  Ho  the  span. 
The  dimensions  of  bearing  plates  and  castings  depend  upon  the 
load  to  be  carried  for  a  safe  unit  compressive  stress  on  the  ma- 
sonry and  upon  the  type  of  structure.  These  plates  are  about  1-ft. 
9  in.  by  2  ft.  0  in.  for  the  abutment  bearing  of  a  deck  girder  of 
spans  up  to  50  ft.,  and  1  ft.  9  in.  by  3  ft.  10  in.  for  the  pier  bear- 
ing, and  1  ft.  11  in.  by  3  ft.  9  in.  for  90  ft.  girders  on  the  C.  M.  & 
St.  P.  R.  R.,  which  are  representative  of  average  practice. 
J.  E.  Greiner,  Mem.  Am.  Soc.  C.  E.,  specifies  that  the  length 
under  the  coping  shall  not  be  less  than  the  distance  out  to  out 
of  the  pedestals  plus  one  and  a  quarter  times  the  width. 

The  batter  of  the  sides  of  a  bridge  pier  is  made  such  as  to 
accomplish  the  necessary  spread  to  the  foundation  to  secure 
adequate  bearing  area.  Where  the  piers  are  on  rock  or  other 
solid  foundations,  for  tall  piers,  a  minimum  batter  of  34  or 
%6  m-  to  the  foot  may  be  given  for  the  sake  of  appearance. 

Hollow  and  Divided  Piers. — The  unit  bearing  stress  over  a 
solid  pier  is  usually  very  low,  hence  high  bridge  piers  are  fre- 
quently built  hollow  or  divided  above  the  high  water  line  in 
order  to  save  masonry.  Reinforced  concrete  hollow  piers  have 
been  built  to  some  extent  but  the  economy  of  this  type  has  not 


312    DESIGN  OF  MASON  R  Y  STR  UCTURES  AND  FO  UN  DA  TIONS 


been  demonstrated.  The  piers  of  the  Municipal  bridge  at  St. 
Louis  over  the  Mississippi  are  hollow,  the  open  space  in  the 
middle  of  the  pier  constituting  approximately  one-fifth  of 
the  total  area  of  the  horizontal  cross  section.    See  Fig.  145. 1 


Fig.  145. — Hollow  pier  of  the  municipal  bridge  of  St.  Louis. 

The  cost  of  the  four  piers  was  about  $470,000,  or  about  $12  per 
cu.  yd. 

Where  a  pier  consists  of  slender  reinforced  concrete  columns 
above  the  base  which  are  framed  together  rigidly  at  the  top, 
the  pier  takes  on  the  character  of  a  rigid  frame  and  should  be 
investigated  as  such.  Piers  of  this  sort  have  been  used  consid- 
erably in  recent  years  and  for  trestle  and  viaduct  construction 
they  may  be  advantageously  employed.  Figure  1462  shows  a 
reinforced  concrete  pier  for  a  50  ft.  reinforced  girder  span  over 
the  Big  Thicketty  Creek  carrying  the  Southern  R.  R. 

To  divide  a  pier  decreases  the  cubature  of  the  masonry  but 
increases  the  amount  of  forms  and  the  cost  of  placing  the 

1  Engineering  News,  Mar.  16,  1911. 

2  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  23,  No.  238,  p.  74. 
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masonry.  No  general  statement  can  be  made  as  to  the  height  at 
which  divided  piers  are  economical  because  of  the  variation  in 
the  prices  of  the  elements  involved. 

Usually  the  top  of  the  pier  is  framed  across  but  in  some 
instances,  the  pedestals  of  the  superstructure  rest  directly  on 
single  extensions  of  the  parts  of  the  pier. 


 .aid'  j 


5ipe  Elevation  or  Pier  End  Elevatioh  of  Piek^ 

Fig.  146. — Divided  reinforced  concrete  pier. 


Piers  for  Movable  Bridges. — The  chief  type  of  pier  for 
movable  bridges  is  the  circular  pivot  pier  for  swing  bridges,  the 
piers  for  other  types  of  movable  bridges  not  differing  essentially 
from  the  piers  for  fixed  bridges.  Moreover,  the  swing  or  draw 
bridge  is  apparently  an  obsolescent  type  of  structure,  hence, 
very  little  attention  need  be  devoted  to  pivot  piers  in  this 
connection. 

Circular  pivot  piers  for  swing  bridges  are  necessarily  large 
in  plan  to  provide  sufficient  space  for  the  bearings,  particularly 
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for  rim  bearing  bridges.  In  order  to  save  masonry  and  to  lessen 
the  load  on  foundations  pivot  piers  are  usually  built  hollow  with 
a  reinforced  concrete  top.  The  load  during  the  swinging  of  the 
bridge  is  practically  balanced,  hence  the  nature  of  the  stresses 
does  not  differ  materially  from  those  in  piers  for  fixed  spans. 

Movable  bridges  are  constructed  over  navigable  streams, 
hence,  the  first  requirement  is  that  the  substructure  shall 
interfere  as  little  as  possible  with  navigation.  To  this  end,  the 
bridge  should  be  located  wherever  practicable  on  a  straight 
stretch  of  the  stream  in  order  to  make  a  minimum  span  suffice. 
Authority  and  approval  must  be  obtained  from  the  War  Depart- 
ment for  any  bridge  or  alteration  of  a  bridge  substructure  over 
a  navigable  stream. 

Trestle  Piers. — Trestle  piers  must  be  designed  to  support 
their  loads  and  sustain  the  longitudinal  forces  to  which  they  are 
subject,  including  traction  and  temperature  thrusts.  Piers  for 
reinforced  concrete  slab  trestles  are  usually  slender  reinforced 
concrete  shafts  about  2  ft.  to  2  ft.  6  in.  thick  and  as  long  as  the 
slabs  are  wide  so  that  there  is  no  projection  beyond  the  slabs. 
Slender  piers  have  a  tendency  to  split  under  the  longitudinal 
forces  to  which  they  are  subjected,  and  for  this  reason  they 
should  be  reinforced  across  the  top.  The  amount  of  the  stress 
in  this  direction  to  which  they  are  subject  is  not  capable  of 
calculation,  but  the  C.  M.  &  St.  P.  R.  R.  found  that  %~m- 
U-bars  spaced  1  ft.  on  centers  were  adequate;  the  Illinois  Central 
R.  R.  uses  y^-\rv.  bars  in  a  similar  manner.  Trestle  piers  are 
commonly  designed  with  vertical  sides,  but  in  some  cases  they 
are  battered.  Figure  147  shows  the  trestle  pier  of  the  C.  B.  & 
Q.  R.  R.  for  a  25-ft.  span.1 

Architectural  Treatment  of  Abutments  and  Piers. — In  urban 
districts  and  along  drives  where  bridge  substructure  may  be  ex- 
posed to  public  view,  the  architectural  appearance  of  abutments 
and  piers  may  be  an  important  factor  in  their  design.  The  avoid- 
ance of  large  plain  surfaces  by  paneling,  scoring,  or  other  device 
will  greatly  improve  the  appearance  in  some  circumstances,  as 
in  the  East  Boulevard  bridge  at  Cleveland,2  Fig.  148.  The  use  of 
pylons  at  the  ends  of  girders  is  another  device  that  has  been 
used  advantageously.    A  more  formal  and  elaborate  treatment 

1  Col.  Journal  of  Engineering,  vol.  12,  No.  4,  p.  37. 

2  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  18,  p.  844. 
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of  bridge  abutments  is  illustrated  in  the  bridge  over  the  main 
drive  in  Forest  Park,  St.  Louis,  shown  in  Fig.  149. 

The  chief  device  used  to  relieve  the  monotony  of  tall  bridge 
piers  is  building  a  wide  coping  with  a  corbel  below  it  at  the  top 
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General  Notes 
Concrete  1:3:6  mixture 
All  bars  square  corroqated. 
Soft  woodpiles  vseo,  261^ 

&  Q.  R.  R. 


of  the  pier.  On  tall  piers,  a  corbel  projection  is  sometimes  placed 
at  about  half  the  height,  or  the  coping  above  the  starling  is 
continued  around  the  entire  body  of  the  pier.  In  track  elevation 
work,  the  Illinois  Central  R.  R.  uses  piers  consisting  of  a  row  of 
concrete  columns  cast  in  place  with  good  effect. 

European  engineers  are  prone  to  decorate  their  bridge  piers 
with  some  manner  of  design  as  in  the  cases  of  the  Hammersmith 
bridge  over  the  Thames  in  London  and  the  bridge  over  the  Amstel 
in  Amsterdam,  (a)  and  (b),  Fig.  150.    Although  in  the  latter 
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Fig.  149. — Wabash  R.  R.  bridge  in  Forest  Park. 
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case  the  shaping  of  the  piers  into  the  form  of  the  prow  of  a  boat 
is  somewhat  appropriate  where  canal  traffic  is  so  prevalent,  it  is 
doubtful  if  elaborately  fashioned  piers  make  as  good  an  appear- 
ance as  do  the  simple  lines  of  the  ordinary  mass  pier.  Certainly, 
the  starling  of  a  bridge  pier  is  not  an  appropriate  place  for  statu- 
ary, such  as  one  finds  on  so  many  European  bridges. 

Too  frequently  when  a  special  architect  is  engaged  to  treat 
the  design  of  a  large  bridge,  he  overdoes  the  decoration  of  the 
piers  and  abutments.  For  example,  the  ornate  towers  of  the 
Tower  Bridge,  in  London,  which  are  the  work  of  a  famous  archi- 


Fig.  150. — Architectural  treatment  of  bridge  piers.    Hammersmith  Bridge, 
London,  and  bridge  over  Amstel,  Amsterdam. 

tect,  Sir  Horace  Jones,  compare  unfavorably  with  the  stately 
massiveness  of  the  towers  of  the  Brooklyn  Bridge,  which  follow 
the  simple  lines  used  by  the  designing  engineer.  To  quote  Walter 
Shaw  Sparrow,  the  artist  and  pontist  on  the  architecture  of  the 
Tower  Bridge  will  indicate  the  dangers  of  over-ornamentation  of 
bridge  piers.  "What  anachronism  could  be  sillier  than  that 
which  united  the  principle  of  metal  suspension  to  an  architecture 
cribbed  partly  from  the  Middle  Ages  and  partly  from  the  French 
Renaissance?  The  many  small  windows,  the  peaked  roofing, 
the  absurdly  impudent  little  turrets,  the  biscuit-like  aspect  of 
the  meretricious  masonry,  the  desperate  effort  to  be  'artistic' 
at  any  cost:  all  this,  you  know,  is  at  standing  odds  with  the  con- 
temporary parts  of  the  unhistoric  bridge,  parts  huge  in  scale, 
but  so  commercial  that  there  is  not  a  vestige  of  military  fore- 
thought anywhere.    It  is  mere  perishable  bulk."1 

Many  of  the  bridges  of  Europe  mark  the  point  of  military 
struggles,  being  on  the  sites  of  brave  defense  and  heroic  onslaught, 

*A  Book  on  Bridges,  by  Frank  Brangwyn. 
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hence  massive  towers  resembling  in  character  the  fortifications 
used  in  those  historic  days  may  not  be  inappropriate  for  those 


Fig.  151. — Piers  of  Tower  bridge,  London. 


bridges,  such  as  the  one  over  the  Rhine  at  Worms,  but  to  copy 
such  features  in  the  designs  intended  for  the  pacific  associations 


Fig.  152— Pier  of  Brooklyn  bridge. 


of  most  American  landscapes  seems  to  the  author  to  border  on 
the  grotesque. 

A  bridge  is  a  portion  of  a  highway  and  should  conduct  the 
traveller  across  the  stream  with  as  little  inconvenience  and  with 
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as  pleasant  associations  as  possible,  hence,  dark  and  forbidding 
towers,  covered  bridges,  etc.  are  out  of  place.  Pleasure  travel 
on  highways  is  marred  by  features  that  obstruct  the  view  of  the 
natural  landscape.  Particularly  is  this  true  at  bridge  crossings 
where  the  natural  scenery  is  likely  to  be  the  most  attractive. 
For  this  reason,  attempts  at  elaborate  decoration  of  piers  and 
abutments,  especially  above  the  deck  of  the  bridge,  are  usually 
in  poor  taste  and  may  become  oppressive  in  the  extreme. 


Fig.  153. — Piers  of  Worms  highway  bridge  over  the  Rhine. 


Bridges  are  frequently  memorial  in  their  character  and  the 
masonry  offers  the  chief  opportunity  to  express  the  monumen- 
tality  of  such  a  structure.  In  such  a  case,  the  style  of  the  piers 
should  be  in  keeping  with  the  historic  associations  as  well  as 
with  the  landscape,  and  the  piers  may  then  be  made  to  rise  above 
the  deck  as  a  memorial  or  triumphal  arch  if  so  desired,  but  under 
ordinary  circumstances,  such  treatment  is  out  of  place. 

Where  a  large  river  divides  a  city  and  the  view  of  the  river  is 
impressive  while  crossing  the  bridge,  as  at  New  York,  London, 
Paris,  Budapest,  Rome  and  other  places,  considerable  attention 
should  be  given  to  make  the  bridges  worthy  of  their  surroundings. 
A  great  river  should  have  a  great  bridge  spanning  it  at  any 
point,  but  particularly  in  an  urban  district  such  as  above  men- 
tioned. 

Surveys  for  Bridge  Piers. — In  the  location  of  bridge  piers  in  a 
river  of  considerable  depth  and  width  where  the  measurements 
cannot  be  made  directly,  recourse  must  be  had  to  triangulation. 
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Base  lines  must  be  established  on  both  shores  of  such  length  and 
position  that  the  angles  shall  not  be  far  from  45°.  This  necessi- 
tates making  the  base  line,  if  approximately  at  right  angles  to  the 
axis  of  the  structure,  essentially  as  long  as  the  total  span  to  be 
measured.  All  monuments  should  be  of  a  permanent  character, 
carefully  set  and  referenced  in  order  to  prevent  loss  by  flood  or 
other  causes.  Base  lines  should  be  measured  with  accurately 
standardized  tapes,  preferably  500  ft.  long,  and  corrected  for 
temperature  and  sag.  All  angles  should  be  measured  by  repeti- 
tion with  perhaps  ten  readings  with  telescope  normal  and  an 
equal  number  with  telescope  reversed. 

In  the  case  of  the  McKinley  bridge1  at  St.  Louis  across  the 
Mississippi,  the  piers  were  located  by  triangulation  from  both 
ends  of  the  base  lines,  the  sights  being  taken  simultaneously. 
It  was  necessary  to  establish  reference  points  to  a  pile  cluster  or 
other  permanent  object  in  order  that  the  alignment  of  the  cais- 
son might  be  checked  with  facility  during  sinking. 

Figure  1542  shows  the  triangulation  for  the  location  of  the  piers 
for  the  Quebec  bridge,  the  two  main  piers  of  which  are  1,800  ft. 
apart.  The  north  base  line  was  measured  and  checked  four 
times  with  great  care.  The  triangles  were  adjusted  for  elevations 
and  all  other  corrections  made  with  utmost  precision. 

Generally  the  triangulation  lines  from  the  base  lines  will  not 
be  the  axes  of  the  piers  or  of  the  caisson  cribs,  but  will  make 
an  angle  with  the  latter.  The  intersection  of  the  triangulation 
lines  at  the  center  of  the  crib  of  the  caisson  can  be  found  in  the 
usual  manner  and  the  crib  centered  accordingly.  The  angles 
that  the  axes  should  make  with  the  triangulation  lines  having 
previously  been  computed  from  the  known  azimuths  of  the  base 
lines  and  the  piers,  the  crib  can  be  oriented  accordingly.  The 
intersection  of  the  triangulation  lines  with  the  edges  of  the 
crib  should  be  marked  for  reference  so  that  movements  of  the 
crib  from  the  desired  position  or  angle  can  be  readily  checked  and 
corrected. 

Too  much  emphasis  cannot  well  be  put  on  the  importance  of 
accuracy  in  making  the  triangulation  surveys  for  bridge  piers  in 
wide  streams.  The  location  of  each  point  should  be  fixed  by 
triangulation  from  both  base  lines,  the  one  being  used  as  a  check 
on  the  results  from  the  other.   For  good  work,  the  allowable  error 

1  Engineering  News,  Jan.  6,  1910. 

2  Report  of  Government  Board  of  Engineers,  1919. 
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in  the  checks  should  be  within  about  1:50,000,  although  an 
allowable  error  of  perhaps  twice  this  amount  might  be  permitted 
in  some  instances.  To  secure  such  accuracy,  it  will  be  found 
necessary  to  measure  the  base  lines  about  five  times  each  and  to 
repeat  the  angles  perhaps  20  times  and  take  the  mean  of  the 
measurements. 

The  elevations  on  the  cribs  are  obtained  in  the  usual  manner 
with  a  good  engineer's  level  or  a  precise  level,  the  elevations 
being  checked  from  different  set  ups. 

Location  of  Piers  in  Navigable  Streams.  —Certain  streams  of 
the  United  States  have  been  declared  navigable  by  Congress  and 
any  structures  built  over  them  must  conform  to  the  requirements 
of  the  War  Department.  Many  of  these  streams  carry  little  or 
no  traffic  as  waterways,  yet  provision  must  be  made  for  the 
passage  of  boats  if  required.  When  a  bridge  is  to  be  located 
over  a  navigable  stream,  application  must  be  made  to  the  Secre- 
tary of  War  for  permission  and  the  following  information  must 
be  furnished  with  the  application:1 

1.  A  copy  of  or  a  reference  to  the  law  of  the  state,  either  general  or  special, 
authorizing  the  construction  of  the  bridge. 

2.  Drawings  in  triplicate  showing  the  general  plan  of  the  bridge,  length 
and  height  of  spans,  width  of  draw  openings,  position  of  piers,  abutments, 
etc.,  and  any  other  features  that  may  affect  navigation  of  the  stream. 

3.  A  map  in  triplicate  showing  the  location  of  the  bridge,  giving  for  the 
distance  of  one  mile  above  and  one-half  mile  below  the  site  such  data  in 
regard  to  low  and  high  water,  direction  and  strength  of  currents,  soundings, 
existing  bridges,  and  such  other  information  as  may  be  necessary  to  enable 
the  Secretary  of  War  to  determine  the  suitable  location. 

The  most  important  considerations  to  which  the  War  Depart- 
ment will  give  attention  are: 

(a)  The  location  of  the  crossing  relative  to  current  behavior  and  to 
river  traffic  requirements. 

(6)  The  location  of  the  movable  span  of  the  bridge  relative  to  the  position 
of  the  thread  of  the  current  or  deep  water-way  channel. 

(c)  The  clear  width  of  channel  opening. 

The  War  Department  endeavors  to  locate  bridges  on  a  long 
straight  reach  of  the  river  in  order  that  the  likelihood  of  shifting 
of  the  position  of  the  main  channel  or  of  cutting  banks  at  the  site 
may  be  reduced  to  a  minimum.  However,  in  many  instances  it 
is  impossible  to  find  a  satisfactory  site  for  the  bridge  and  some 

1  Paper  by  C.  E.  Smith,  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  14,  p.  185  of 
Appendix. 
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scheme  of  shore  protection  may  have  to  be  resorted  to,  and  modi- 
fications of  the  structure  made  to  suit  the  available  site. 

Not  only  must  the  completed  structure  not  interfere  with 
river  traffic,  but  the  construction  falsework  must  also  be  so 
arranged  as  not  to  interfere.  After  construction  is  complete,  all 
piles,  coffer-dams,  etc.  must  be  removed  in  order  to  prevent 
injury  to  passing  boats. 

After  the  War  Department  has  approved  the  plans,  Congress 
passes  an  act  authorizing  the  construction  of  the  bridge.  In 
case  action  cannot  be  readily  obtained  due  to  adjournment  or 
other  reason,  the  War  Department  will  sometimes  issue  a  tem- 
porary permit  to  proceed. 


CHAPTER  IX 


CONCRETE  VIADUCTS  AND  TRESTLES 

Introduction— With  the  introduction  of  reinforced  concrete  a 
type  of  masonry  bridge  construction  has  been  developed  in  the 
way  of  viaducts  and  trestles  that  has  proved  satisfactory  from 
the  viewpoint  of  economy,  stability  and  appearance.  Moreover, 
the  advancing  price  of  steel  structures  would  indicate  a  still  more 
extended  use  of  this  type  of  structure.  Because  of  their  inherent 
unsightliness,  steel  truss  and  girder  bridges  are  not  suited  to 
many  locations  and  even  where  the  span  is  of  such  length  as  to 
necessitate  a  steel  structure,  steel  arches  are  gaining  in  favor. 
Reinforced  concrete  bridges  are  also  supplanting  timber  bridges 
for  highway  use,  because  the  location  of  the  highways  is  becoming 
more  definitely  fixed  thereby  justifying  the  more  permanent 
construction. 

Concrete  bridges  may  be  classified  as  follows: 

1.  Girder  bridges 
(a)  Deck  girders 
(6)  Through  girders 

2.  Slab  trestles 

(a)  On  abutments  and  piers 
(6)  On  pile  bents 
(c)  On  frame  bents 

3.  Cantilever  bridges 

4.  Concrete  truss  bridges 

5.  Arch  bridges 

(a)  Fixed  arch 

(b)  Two-hinged 

(c)  Three-hinged 

Fixed  masonry  arches  were  discussed  in  a  separate  chapter 
because  of  the  more  complicated  nature  of  the  stresses  and 
because  of  the  fact  that  the  arch  is  a  structural  member  of  more 
general  application  than  merely  to  bridges.  Owing  to  the  infre- 
quency  of  its  application  to  masonry  construction,  the  two- 
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hinged  arch  will  not  be  discussed  here.  The  design  of  the  other 
types  will  be  briefly  discussed  in  the  present  chapter. 

Unyielding  foundations  for  abutments  and  piers  are  essential 
to  the  successful  use  of  a  fixed  arch,  hence  when  such  stable 
foundations  are  not  available,  some  other  type  of  structure 
becomes  necessary.  In  many  instances  the  aesthetic  require- 
ments render  a  steel  skeleton  structure  undesirable,  hence  a 
bridge  of  one  of  the  types  under  consideration  in  the  present 
chapter  affords  the  most  feasible  solution.  Moreover,  the  econo- 
mic advantages  may  lie  with  the  concrete  structure  rather  than 
with  the  steel  bridge  because  of  the  longer  life  of  the  former  and 
the  lower  maintenance,  no  painting  being  required. 

Loads  on  Masonry  Bridges. — Whenever  practicable,  special 
investigation  should  be  made  to  ascertain  the  loads  to  which  a 
bridge  will  be  subjected  rather  than  to  design  the  structure  on  the 
basis  of  general  data  and  assumptions,  for  dead  loads  may  vary 
as  much  as  25  to  40  per  cent  from  general  figures  due  to  differences 
in  specific  weights  of  fill,  type  of  roadway,  the  drainage,  etc. 
However,  where  no  specific  information  is  available,  the  general 
data  of  Table  XXV,  taken  largely  from  the  1916  Report  of  the 
Committee  on  Bridges  and  Culverts  of  the  American  Concrete 
Institute,  may  serve. 


Table  XXV. — Weights  of  Soils 


Material 

Weight  per  cu.  ft. 

Damp 

Saturated 

Black  top  soil  

94 
106 
114 
121 

123 

105 
115 
118 

123 
132 

Sandy  clay  

Blue  clay  

Yellow  clay  

Clayey  sand  

In  the  absence  of  special  observations  or  of  specified  loadings, 
the  following  general  weights  may  be  used. 

Class  A  Bridges. — City  Bridges  and  Bridges  on  Main  Thor- 
oughfares Leading  Therefrom. 

Concentrated  Live  Load. — A  motor  truck  of  the  following 
dimensions  and  weights: 
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Total  weight  

Weight  on  rear  axle  

Distance  between  axles  

Width  of  tread  of  rear  axles  

Distance  between  centers  of  rear  wheels 
Roadway  space  occupied: 


50,000  lb. 
33,000  lb. 


10  ft. 
24  in. 
6  ft. 


Length 


Width 


10  ft. 

30  to  36  ft. 


For  city  bridges  in  areas  of  heavy  traffic,  such  trucks  may 
follow  in  a  continuous  string,  while  outside  the  limits  of  heavy 
traffic,  the  probability  of  more  than  two  trucks  being  on  the 
bridge  at  one  time  is  exceedingly  remote. 

The  following  alternate  uniform  live  load  is  recommended: 

Span,  feet....  under  80  80-100  100-125  125-150  150-200  over  200 
Loads,  lbs. 

per  sq.ft...      125  110  100  90  85  80 

It  is  further  recommended  that  the  above  uniform  live  loading 
be  assumed  to  occupy  all  or  such  portion  of  the  roadway  area 
not  occupied  by  the  motor  truck  loading  as  is  necessary  for 
maximum  stresses. 

Sidewalk  loading  will  rarely  exceed  90  lbs.  iper  square  foot. 

Class  B  Bridges. — Ordinary  Highway  Brdges.  The  minimum 
requirements  for  ordinary  highway  traffic  should  probably  be 
within  the  following  limits: 

Concentrated  Live  Load. — A  traction  engine  or  motor  truck 
within  the  following  limits: 

Total  weight   30,000-36,000  lb. 

Concentration  on  rear  wheels   66%  per  cent 

Distance  between  axles   10-12  ft. 

Distance  between  rear  wheels   5  ft.-6%  ft. 

Width  of  tread  of  rear  wheels   20-24  in. 

Only  one  such  vehicle  need  be  considered  on  a  single  span  at 
one  time.  The  floor  area  occupied  by  the  above  live  load  may 
be  taken  as  10  ft.  in  width. 

The  alternate  uniform  live  loading  on  Class  B  spans  of  varying 
lengths  may  safely  be  assumed  as  follows: 

Span,  feet....  under  80  80-100  100-125  125-150  150-200  over  200 
Load,  lb.  per 

sq.  ft   100  90  80  75  65  60 

Class  E-l  Bridges. — Bridges  Carrying  Ordinary  Electric 
Railway  Traffic.    It  is  recommended  that  these  bridges  should 
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be  designed  to  carry  a  concentrated  live  load  on  the  following 
dimensions  and  weights : 

Total  weight   100,000  lb. 

Number  of  wheels  (on  two  trucks)   8 

Spacing  of  wheels  c.  to  c   7  ft. 

Spacing  of  trucks  c.  to  c   20  ft 

Each  axle  load  distributed  over  three  ties. 

Railway  Bridges. — Cooper's  loadings  are  commonly  adopted 
for  design  of  railway  arches,  although  it  is  customary  to  assume 
an  equivalent  uniform  load  for  the  design  of  the  main  arch.  It 
may  be  desirable  to  use  the  wheel  concentrations  in  designing  the 
spandrel  arches  or  slabs.  A  uniform  load  of  700  lb.  per  square 
foot  is  frequently  assumed  for  spans  over  80  ft.  long  while  1,000 
lb.  may  be  necessary  for  shorter  spans.  As  in  the  case  of  highway 
bridges,  it  is  exceedingly  important  that  the  exact  loading  be 
determined  wherever  possible  and  this  used  instead  of  general 
loading  data.  Impact  on  spandrel  filled  arches  usually  need 
not  be  considered  for  the  main  arch  where  there  is  a  filling  of  one 
foot  or  more  at  the  crown  but  should  be  for  open  spandrel  arches 
of  short  span,  and  for  the  spandrel  piers  and  slabs.  A  similar 
remark  applies  to  tractive  forces.  Where  impact  is  to  be  con- 
sidered, in  open  spandrel  arches,  the  following  impact  formula 
may  be  used: 

I  =  ^  ^  3QQ  f°r  highway  bridges,  and 

t  0.8  Live  Load  ,  .  ,  . , 

1  =  -p  j — ,  ■  ^ — y^p — j  for  railroad  bridges1 

Live  Load  -+-  Dead  Load  & 

Wind  load  is  taken  as  30  lb.  per  square  foot,  of  projected  area, 
and  on  railroad  bridges,  as  300  lb.  per  linear  foot  considered  as 
live  load  on  the  loaded  portion,  acting  7  ft.  above  the  base  of  rail. 
Except  in  regions  of  heavy  snows  in  northern  latitudes,  snow  load 
need  not  be  considered. 

The  live  load  coming  on  a  bridge  varies  widely  with  the  loca- 
tion of  the  structure.  Owing  to  the  permanent  character  of 
masonry  arch  bridges,  it  is  advisable  to  use  a  relatively  high 
allowable  live  loading  in  the  design  owing  to  the  tendency  of 
loads  to  increase.  The  positions  of  live  load  for  maximum 
stresses  are  shown  in  Fig.  44  and  the  arch  should  be  investigated 
1  "Specifications,"  C.  M.  &  St.  P.  R.  R. 
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for  these  conditions  of  loading.  In  open  spandrel  arches,  the 
load  will  be  applied  to  the  arch  ring,  of  course,  at  the  spandrel 
piers  and  a  series  of  load  concentrations  will  result. 

Deck  Girder  Bridges— Reinforced  concrete  girder  bridges 
have  been  extensively  used  in  highway  construction  and  in  many 


cases  are  advantageous  from  the  viewpoint  of  economy  and 
sightliness.  They  are  economical  usually  for  spans  of  24  to  40 
ft.  for  highway  purposes  and  may  be  used  up  to  65-ft.  spans. 
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They  have  been  used  also  in  railway  construction,  but  to  a  more 
limited  extent.  The  floor  slab  is  usually  built  monolithically 
with  the  girders  affording  a  T-beam  type  of  construction.  In 
general  with  the  loads  given,  the  design  of  girder  bridges  does 
not  involve  any  principles  different  from  those  explained  in  pre- 
ceding chapters. 

The  chief  advantages  of  the  deck  girder  type  of  bridge  are,  (1) 
the  slab  is  built  monolithically  with  the  girders  thereby  effecting 
the  economy  of  the  T-beam,  (2)  the  roadway  can  be  extended 
out  over  the  girders,  thereby  permitting  the  piers  to  be  made 
shorter  than  would  be  the  case  with  a  through  girder,  (3)  a 
slight  settlement  of  the  piers  or  abutments  is  not  so  serious  as  in 


Fig.  156. — Concrete  deck  girder  bridge  of  Moline,  111. 


the  case  of  a  fixed  arch.  Frequently  deck  girder  bridges  are 
built  as  continuous  girders,  although  instead  of  allowing  for  the 
full  effect  of  continuity  in  calculating  the  bending  moment, 
many  engineers  used  arbitrarily. 

Figure  155  shows  details  of  the  standard  deck  girder  bridge 
of  the  Iowa  State  Highway  Commission  and  Fig.  156  is  a  picture 
of  the  deck  girder  bridge  over  the  Rock  River  near  Moline, 
Illinois.  This  latter  structure  consists  of  eleven  69-ft.  spans. 
The  bridge  has  a  total  camber  of  2  ft.,  which  is  less  than  that 
commonly  given  to  girder  bridges,  a  common  specification  being 
0.05  in.  per  foot  of  span,  yet  this  amount  of  camber  appears  to  be 
sufficient.  The  girders  are  by  3  ft.  and  are  spaced  10  ft.  on 
centers  and  carry  a  roadway  slab  20  ft.  wide,  the  latter  projecting 
about  4  ft.  beyond  the  girders.  Some  of  the  piers  rest  on  solid 
rock  while  others  rest  on  piles.  This  latter  fact  made  the  choice 
of  the  fixed  arch  type  of  bridge  inadvisable.  Expansion  is 
provided  for  by  placing  a  cast  iron  rocker  resting  on  a  milled 
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steel  plate  under  one  end  of  each  girder.  There  is  a  space  of  2 
in.  between  the  ends  of  the  girders  over  the  piers. 

Through  Girder  Bridges. — Through  reinforced  concrete  girder 
bridges  are  used  advantageously  for  highway  work  for  the  same 
lengths  of  span  as  noted  for  deck  girder  bridges,  viz.,  24  to  60  ft. 
They  are  particularly  adapted  to  sites  where  the  roadway  is 
narrow  and  where  clearance  for  waterway  will  not  permit  the 
use  of  deck  girders.  They  are  not  economical  for  roadways 
wider  than  about  20  ft.  because  for  greater  widths  cross  floor 


Fig.  158. — Steel  girder  encased  in  concrete. 


beams  must  be  used  to  support  the  floor,  although  cross  floor 
beams  are  sometimes  used  for  this  width.  In  fact,  the  chief 
difficulty  encountered  in  the  design  of  this  type  of  structure  is 
securing  a  satisfactory  connection  between  the  floor  slab  and  the 
girders. 

Figure  157  is  the  standard  40-ft.  through  girder  bridge  of  the 
Wisconsin  State  Highway  Commission. 

Where  several  spans  are  required,  some  of  which  are  too  long 
to  admit  of  the  economic  use  of  through  reinforced  concrete 
girders  of  the  usual  type,  steel  plate  girders  encased  in  concrete 
may  be  employed  advantageously,  as  in  the  case  in  the  Vande- 
vanter  Ave.  viaduct  at  St.  Louis.    See  Fig.  158. 1 

Slab  or  Trestle  Bridges.— Reinforced  concrete  slab  bridges 
may  be  used  advantageously  for  spans  of  about  12  to  24  ft.  and 

1  Engineering  News,  July,  1915. 
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are  sometimes  built  up  to  30  ft.  although  the  girder  type  will 
usually  be  found  the  more  economical  for  spans  above  24  ft. 
The  slab  carries  the  load  directly  to  the  abutments  and  piers, 
the  railing  not  being  designed  to  carry  any  load.    The  slab  may 


Mil.,,,,.  ,  ,  -i-.ii,  .,  n                         "  ■ 

Fig.  159. — Reinforced  concrete  railroad  trestle. 


be  carried  on  abutments  and  thin  piers  or  on  trestle  bents,  either 
pile  or  frame.  The  first  is  illustrated  in  the  C.  B.  &  Q.  R.  R. 
trestle,1  Fig.  159,  and  the  last  two  in  the  14,000-ft.  Yolo  By-Pass 
causeway  over  the  Sacramento  Valley,  Fig.  160. 


Fig.  160. — Reinforced  concrete  highway  trestle. 


In  highway  trestles,  the  slab  is  usually  built  as  a  unit  because 
it  is  commonly  built  in  place,  but  in  railway  trestles,  the  slab  is 
usually  built  for  half  the  width  of  roadway  and  is  pre-cast. 
Figure  161  shows  the  details  of  the  standard  slab  bridge  of  the 
Iowa  State  Highway  Commission  and  Fig.  162  shows  the  15-ft. 

1  Engineering  News,  Feb.  3,  1916. 
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trestle  bridge  of  the  Kansas  City  Southern  R.  R.1  The  practice 
of  pre-casting  the  slabs  greatly  facilitates  the  construction  of 
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Fig.  161. — Reinforced  concrete  slab  bridge  of  the  Iowa  Highway  Commission. 


bridges  under  traffic,  as  they  can  be  quickly  swung  into  place 
with  a  locomotive  crane  after  the  piers  have  been  completed. 

Design  of  the  Slab. — The  slabs  are  essentially  reinforced  con- 
crete beams  and  are  designed  as  such,  being  usually  6^  to  7 

1  Univ.  of  Colo.  Journal  of  Engineering,  vol.  12,  No.  4,  p.  29. 
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ft.  wide  for  railroad  bridges  and  the  full  width  of  roadway  for 
highway  bridges.  With  a  load  on  the  slab  at  any  point,  the 
width  that  may  be  considered  as  effective  in  contributing  to  the 


support  of  the  load  may  be  taken  as  0.6L  +1.7  ft.,  where  the 
total  width  is  greater  than  1>£L  +  4  ft.,  L  being  the  span  in  feet, 
according  to  tests  made  by  the  Ohio  State  Highway  Commission, 
or,  perhaps  with  a  greater  precision,  as  4z/3  +  d,  where  x  is  the 
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distance  from  the  load  to  the  nearest  support  and  d  is  the  width 
at  right  angles  to  the  support  over  which  the  load  is  applied.1 
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In  the  design  of  slabs  for  railroad  bridges,  the  practice  of 
allowing  impact  on  slabs  varies  on  different  roads.    Most  roads 

use  less  than  that  given  by  the  usual  formula  ^  _[_  3qq>  about  half 

1  Proc.  Am.  Soc.  for  Testing  Materials,  vol.  13. 
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of  them  using  50  per  cent  of  that  amount  and  the  remainder 
various  percentages  between  50  and  100. 1  Inasmuch  as  vibration 
is  the  chief  factor  in  causing  impact  and  vibration  is  much  less 
in  a  concrete  slab  than  in  a  steel  floor,  it  is  scarcely  necessary 
to  allow  as  much  as  for  steel  structures,  the  50  per  cent  figure 
being  probably  sufficient. 

Care  must  be  exercised  to  provide  sufficient  shear  reinforce- 
ment in  the  slabs,  and  where  a  part  of  the  tension  bars  are  bent 
up,  it  is  important  that  adequate  imbedment  of  the  ends  be 
arranged  to  insure  safe  bond.  Figure  1632  shows  details  of  the 
standard  trestle  slab  of  the  Illinois  Central  R.  R. 

In  multiple  span  structures,  one  end  of  the  slab  is  usually 
fixed  and  the  other  arranged  to  slide.  The  C.  M.  &  St.  P.  R.  R. 
uses  zinc  plates  under  the  sliding  end  of  the  slab  and  sets  the 
fixed  end  in  mortar,  a  method  that  has  been  found  satisfactory. 

Pile  Trestle  Bents. — Reinforced  concrete  pile  trestles  are 
constructed  by  driving  reinforced  concrete  piles  either  with  a 
hammer  or  by  means  of  a  water  jet  and  then  building  a  concrete 
cap  to  the  bent  in  place,  allowing  the  heads  of  the  piles  to  project 
into  the  latter  about  1  to  2  ft.  Figure  164  shows  the  pile  trestle 
bent  of  the  C.  B.  &  Q.  R.  R.3 

Pre-cast  concrete  piles  are  used  for  trestles  and  their  design  is 
empirical  entirely  and  varies  on  different  railroads.  For  details 
of  reinforced  concrete  piles,  see  p.  468. 

Uniform  section  piles  are  well  adapted  to  conditions  where 
the  pile  is  to  act  as  a  column  resting  on  a  hard  stratum,  while 
tapered  piles  are  more  satisfactory  where  skin  friction  will  con- 
stitute the  more  important  factor  in  the  bearing  capacity  of  the 
piles.  Concrete  piles  can  be  manufactured  and  driven  up  to  40 
feet  in  length. 

The  concrete  for  piles  should  be  as  rich  as  a  1:6  mixture  at 
least  with  a  well  graded  aggregate,  the  largest  particle  of  which 
should  not  exceed  %  in.  The  "cage,"  or  unit  reinforcement, 
usually  consists  of  longitudinal  rods  wound  around  with  about 
No.  14  B.w.g.  wire.  The  forms  are  built  up  with  only  the  top 
side  of  the  octagon  open,  and  the  concrete,  a  mushy  consistency, 
is  rammed  into  place.  Provision  is  usually  made  for  placing  a 
cap  on  the  top  for  protection  during  driving. 

1Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  20,  p.  943  ff. 

2  Univ.  of  Colo.  Journal  of  Engineering,  vol.  12,  No.  4,  p.  25. 

3  Univ.  of  Colo.  Journal  of  Engineering,  vol.  12,  No.  4,  p.  28. 
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Frame  Trestle  Bents. — Frame  trestle  bents  of  reinforced 
concrete  for  moderate  heights  are  usually  cheaper  than  steel 
trestles  in  first  cost  and  do  not  require  painting.  For  greater 
heights,  the  indeterminate  character  of  the  stresses  involved  in 
the  design  renders  their  use  less  advantageous.  A  good  example 
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Fig.  164. — Reinforced  concrete  pile  trestle  bent  of  the  C.  B.  &  Q.  R.  R. 

of  this  type  of  structive  is  the  Richmond  viaduct  of  the 
Richmond  and  Chesapeake  Bay  Electric  R.  R.  This  viaduct  is 
2,800  ft.  long  and  varies  from  18  to  70  ft.  in  height.  The  viaduct 
was  designed  to  carry  a  75-ton  car  on  four  wheeled  trucks  33 
ft.  apart,  with  50  per  cent  allowance  for  impact.  The  longi- 
tudinal thrust  was  taken  as  20  per  cent,  of  the  live  load. 

22 
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Stresses  in  Reinforced  Concrete  Trestle  Frames. — In  a 

reinforced  concrete  trestle  frame  built  up  with  rigid  joints  and 
having  quadrilateral  panels,  the  stresses  are  statically  inde- 
terminate. These  stresses  may  be  determined  by  the  principle 
of  least  work,1  by  the  method  of  slope  deflection,2  or  by  the  princi- 
ple of  curved  beams  as  explained  on  p.  361.  The  stresses  for 
direct  loads  and  for  wind  may  be  computed  separately  and 
independently  and  the  results  added  algebraically.  The 
following  solution  employs  the  latter  method  as  explained 
in  "Modern  Framed  Structures,"  Part  II,  by  Johnson,  Bryan 
&  Turneaure.3 


b4 

(b) 

-Stress  analysis  of  a  trestle  frame. 

Single  Story  Frame  Bent. — Let  Fig.  165  (a)  represent  a  rigid 
quadrangular  symmetrical  frame  with  wind  pressure,  P,  at  the 
top  considered  as  being  borne  equally  between  the  two  sides. 
Let  7i,  Z2,  and  73  be  the  moments  of  inertia  of  the  transformed 
sections  of  the  members  as  shown.  Consider  the  left  half  of 
the  frame,  and  replace  the  action  of  the  other  half  by  Vi  and  Vi. 

Since  the  frame  is  symmetrical,  the  center  points  of  the 
members  A B  and  DE  are  points  of  inflection,  and  the  deflection 
of  C  relative  to  F  will  be  zero,  or  in  other  words,  the  sum  of  the 
deflections  between  C  and  F  will  be  zero. 

hi 

The  deflection,  A  =  f^,  for  CA  is  = 

J     I  Jo     h  24h 

Likewise,  the  deflection  for  FD  is 


24/a 


For  AD,  the  moment 


1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  107. 

2  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  108. 

3  Johnson,  Bryan  and  Turneaure,  "  Modern  Framed  Structures," 
Part  II,  p.  398  ff. 
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M  =  Vix  tt;  also  ds  =  &         dx,  and  2/  =  (a;  —  2)°°*  0  = 

(2x  -  61).    Hence  for  AD, 


&2  -&1 

62  02 

J  t  ~  (62  -  60/;  1  * dx  (6,  -  b^h  X  {2x  blX)dx 

2  2 

71a(&22  +  bib2  +  &22)  _  P/ta(2fe2  +  &Q 
1272  2472 

Equating  the  total  deflection  to  zero, 

71a(&22  +  bi&2  +  fci2)  ,  ^i3     *W  =  P/m(2&2  +  &Q  m 
72  +  27i        273  272  ^  ; 

From  static  equilibrium, 

V,  +  V,  -  f 
02 

Equations  (1)  and  (2)  enable  one  to  solve  for  7i  and  7a,  and 
with  these  known,  the  other  forces  can  readily  be  determined. 

Multiple  Story  Trestle  Frames. — The  mode  of  procedure  for  a 
trestle  bent  of  several  stories  is  similar  to  that  for  one  story. 
See  Fig.  165  (b).    As  in  the  previous  article,  the  value  of 

J Mxdx 

.     „  A   ■    71a1(&12  +  &!&2  +  &22)      P1fe1«1(2b2  +  bi) 
for  ^A*  is   ^  

and  for  the  top  story,  the  deflection  is  the  same  as  in  Eq.  (1) 
above. 

For  the  second  story,  the  integrals  for  C2A2  and  C3A3  are 
72623/2473  and  -  73o3/24/5  respectively.  For  A 2A3,  the  effect 
of  Vi  and  72  is  the  same  as  if  their  sum  were  applied  at  C2, 
since  they  act  in  the  same  vertical  line.    Also,  the  effect  of  Px/2 

Pi  +  P2 

and  P2/2  on  A2A3  is  the  same  as  if  -J— „ — 2    were  applied  at 

C2  together  with  a  constant  moment  Pi/ii/2.  The  constant 
moment  Pi/h/2  applied  to  A2A3  is  at  an  average  distance  of  x  = 
(62  +  b3)  /4  from  C2,  hence  the  integral 


Mxdx  _  pi/tia2(b2  +  63) 
"  8h 
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Making  these  substitutions  in  Eq.  (1)  of  the  preceding  article, 
(Vi  +  72)a2(o22  +  b2b3  +  o32)      W  _  = 
h  273  2/5 

(Pi  +  P2)ft2a2(263  +  62)  +  3P1/i1a2(b2  +  b8) 
2/< 

From  static  moments  7i  +  72  +  73  =  Fl(Al  +  ^  +  P^2 

For  additional  stories  the  procedure  may  be  continued  in  a 
similar  manner.    For  the  next  story,  the  equation  becomes 
(7i  +  72  +  73)a3(o32  +  o364  +  o42)      Tj&s8  _  W  = 

/6  2/5  2/7 

(Pi  +  P2  +  P3)hia3(2bi  +  63)  +  3[Pi(A!  +  h2)  +  P2A2]a3(&3  +  60 

2/6 

and  7t  +  72  +  73  +  7,  -  Pl(hl  +  A*  +  As)  +  P2(/*2  +  *«>  +  P^3 

65 

From  these  equations  7i,  72,  73,  etc.  can  be  determined  and 
with  these  quantities  known,  the  entire  structure  becomes 
determinate. 

In  the  application  of  this  solution,  the  moments  of  inertia  of 
the  transformed  sections  must  be  used. 

If  the  columns  are  rigidly  fixed  at  the  bottom,  the  effect  is  the 
same  as  if  the  moment  of  inertia  of  the  lower  strut  were  infinity, 
hence,  in  such  case,  the  term  having  this  quantity  in  the  denomi- 
nator would  become  zero. 

Reinforced  Concrete  Truss  Bridges. — In  a  few  instances,  rein- 
forced concrete  truss  bridges  have  been  built,  usually  with  a 
curved  upper  chord  so  that  the  structure  assumes  some  of  the 
characteristics  of  a  two-hinged  arch,  or  of  the  ordinary  curved 
chord  truss  with  riveted  connections.  In  general,  this  type  of 
bridge  has  less  to  commend  it  than  the  other  types  of  concrete 
bridges,  but  where  a  reinforced  concrete  bridge  is  to  be  built 
over  a  long  span  and  the  foundations  are  not  such  as  would  war- 
rant the  erection  of  an  arch,  or  where  the  waterway  requirement 
cannot  be  easily  provided  for  by  the  use  of  an  arch,  its  use  may 
be  justified. 

Figure  166  is  a  picture  of  a  reinforced  concrete  truss  bridge 
over  the  Mahoning  River  near  Sebring,  Ohio.    The  upper  chord 
of  this  bridge  was  designed  as  a  two-hinged  arch  and  the  tension 
in  the  lower  chord  was  obtained  by  the  equation. 
Z  Myds  -  HVyUs      EL  ,Q 
.  EJ   =A^S    (^e  p.  341) 
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where  M  is  the  moment  of  external  forces  about  the  center  of  a  ds 
division,  ds  the  length  of  one  of  the  equal  divisions  into  which  the 
arch  rib  was  divided,  y  the  distance  from  the  center  of  the  bottom 
chord  steel  to  the  center  of  the  ds  division,  L  the  length  of  bottom 
chord  steel  subject  to  stretch,  i"  the  moment  of  inertia  of  the  arch 
rib,  and  the  other  terms  have  their  usual  significance.1    The  two 


end  panels  were  considered  as  a  girder  and  the  web  designed  to 
take  the  shear.  The  details  of  a  bridge  of  similar  design  are 
shown  in  the  Canadian  Engineer  for  April  3,  1919. 

Cantilever  Bridges  of  Reinforced  Concrete. — An  economical 
type  of  reinforced  concrete  bridge  for  highways  and  one  that  is 
capable  of  good  architectural  treatment  is  the  balanced  cantilever 
bridge.  It  will  adjust  itself  to  a  slight  unevenness  of  settle- 
ment of  foundations  with  much  less  serious  results  than  will  a 
fixed  arch  and  yet  it  may  be  made  to  simulate  a  fixed  arch  very 
closely  in  outline.  The  piers  are  designed  to  withstand  the 
bending  moment  when  the  cantilever  on  one  side  only  is  loaded 
and  the  footing  is  also  designed  to  carry  the  load  when  it  is  thus 
eccentrically  placed.  Inasmuch  as  uneven  settlement  of  piers 
disturbs  the  stress  distribution  but  slightly  in  this  type  of  struc- 

1  Foot-note.  The  general  equation  for  the  horizontal  reaction  of  a  two- 
hinged  arch  is: 


Where  a  is  the  inclination  of  the  arch  axis  at  the  springing  and  L  is  length 
of  the  arch  axis,  Ac  the  area  of  cross  section  of  the  arch  at  the  crown. 
Omitting  the  temperature  effect  and  taking  I  cos  a'  equal  to  L, 


Fig.  166. — Reinforced  concrete  truss  bridge. 
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ture,  it  is  adapted  to  locations  where  the  piers  will  not  rest  on 
solid  rock. 

Figure  167  presents  the  manner  of  reinforcing  the  cantilever 
arms  in  the  Hopple  Street  viaduct  at  Cincinnati.1  The  canti- 
lever beam  was  designed  for  a  moving  load  consisting  of  two  40- 
ton  electric  cars  entrain  with  25  per  cent  added  for  impact.  The 
roadway  slab  was  designed  for  600  lb.  per  square  foot  and  the 
cantilever  sidewalk  for  100  lb.  per  square  foot.  The  piers  and 
footings  were  designed  for  a  full  live  load  on  one  side  only. 


DHL 


\  \   /  /~7 


Fig.  168. — Distribution  of  moment  in  a  cantilever  unit. 


Figure  168  illustrates  diagrammatically  the  distribution  of 
moments  in  a  cantilever  unit  of  this  kind  for  a  distributed  load 
over  the  right  cantilever. 

Three-hinged  Masonry  Arch  Bridges. — Owing  to  the  fact 
that  the  stresses  in  a  fixed  masonry  arch  are  not  statically  deter- 
minate and  also  due  to  the  fact  that  any  settlement  of  abutments 
or  piers  introduces  serious  and  unknown  stresses  in  the  arch  ring, 
many  engineers  choose  for  certain  locations  to  build  bridges  of 
arch  ribs  of  the  three-hinged  type,  i.e.,  at  the  crown  and  at  the 
springing.  Such  a  structure  is  statically  determinate  and  offers 
a  very  satisfactory  solution  of  the  problem  where  the  foundations 
are  not  on  solid  strata.  The  hinges  constitute  an  expensive 
item  in  the  construction  and  also  a  feature  that  must  be  carefully 
designed  if  trouble  is  to  be  avoided. 

1  Engineering  Record,  Sept.  23,  1916. 
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Where  one  load  is  placed  on  one  half  of  the  arch  (which  load 
might  be  the  resultant  of  any  number  of  loads),  the  reactions 
may  be  found  as  in  Fig.  169.  The  two  reactions  and  the  load, 
being  a  system  of  three  forces,  must  be  concurrent  in  order  to  be 
in  equilibrium.  Also,  since  the  moment  at  the  hinge  is  zero,  the 
reaction  at  the  hinge  of  the  unloaded  side  must  pass  through  the 
center  hinge.  These  conditions  give  the  directions  of  the  reac- 
tions and  by  laying  off  the  load  line  equal  to  P,  and  drawing  the 
rays  parallel  to  these  reactions,  their  amount  can  be  determined. 


P 


Fig.  169. — Reactions  for  a  three-hinged  arch. 


If  a  load  is  placed  on  each  half,  the  reactions  can  be  found  for 
each  load  separately  and  the  resultants  obtained  by  the  paral- 
lelogram of  forces. 

Algebraically,  the  reactions  are  found  as  for  a  simple  beam,  i.e., 
from  the  equations  of  equilibrium: 

VA  +  VB  -  2P  =  0  (1) 
Ha  ~  Hb  —  0  (2) 

Taking  moments  about  the  left  hinge 

VBL  -  HBd  -  2Pa  =  0  (3) 

the  summation  being  for  the  left  half  only.  Taking  moments 
about  the  crown, 

HAr  -  VALi  +  2P(L<  -  a)  =  0  (4) 

the  summation  being  for  the  left  half  only.  Obviously,  the 
crown  thrust  is  equal  to  the  horizontal  reactions. 

After  the  reactions  are  determined,  the  moment,  shear  and 
thrust  at  any  point  can  readily  be  determined  as  in  simple  beams, 
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since  the  moment  at  the  hinges  is  zero.  With  these  quantities 
determined,  the  stresses  at  any  point  may  be  calculated  by  the 


Crown  Hinge 
M/ITERML  Cast  Steel 
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Hing e  at  Haunch 
Fig.  170. — Hinges  for  a  three-hinged  masonry  arch. 
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Fig.  171. — Three-hinged  reinforced  concrete  arch. 

equation  £  =  A7"/ A  ±  Mc/I,  N  being  the  normal  thrust  at  the 
section  considered,  and  the  other  nomenclature  as  before. 
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For  symmetrical  arches  with  the  end  hinges  at  the  same  eleva- 
tion, the  entire  procedure  in  the  calculation  of  the  stresses 
becomes  very  simple. 

For  an  approximate  design,  in  order  to  estimate  the  weight  of 
the  proposed  structure  in  the  calculation  of  the  stresses,  the  crown 
thickness,  tc  may  be  taken  at  somewhat  less  than  for  a  fixed  arch, 
the  thickness  at  the  lower  hinge  at  1.25tc,  and  at  the  middle  of  the 
haunch  at  1.5tc.  However,  by  making  the  arch  approximately 
of  the  same  outline  as  the  fixed  arch  and  concealing  the  hinges  in 
the  masonry,  the  graceful  outline  of  the  fixed  arch  may  be  ob- 
tained. One  of  the  chief  objections  to  the  three-hinged  arch  is 
that  its  unnatural  proportions  render  it  unsightly,  the  middle  of 


the  arch  rib  being  required  by  theory  to  be  thicker  than  at  either 
end,  hence  a  waste  of  material  is  involved  when  more  pleasing 
outlines  are  adopted. 

A  common  type  of  hinge  is  shown  in  Fig.  170,  although  a 
variety  of  types  are  in  use.  One  casting  is  molded  in  the  abut- 
ment and  the  other  attached  to  the  arch  rib.  The  chief  element 
of  uncertainty  in  the  calculation  of  stresses  in  a  three-hinged  arch 
arises  from  the  fact  that  the  hinge  is  not  smooth  and  that  under 
conditions  of  rusting,  there  may  be  considerable  moment  trans- 
mitted through  the  hinge.  Figure  171  shows  details  of  the 
Fourth  Street  viaduct  at  Paducah,  Ky.  and  illustrates  the  use 
of  the  three-hinged  type  of  construction.  It  is  common  practice 
to  place  three  or  four  arch  ribs  under  the  ordinary  roadway, 
although  for  narrow  roadways,  two  may  be  sufficient. 
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Waterproofing  Bridge  Floors. — In  viaducts  over  city  streets 
and  in  some  other  instances,  it  is  necessary  to  waterproof  the 
floors  of  the  bridges  in  order  to  protect  the  passage  beneath. 
The  most  effective  method  of  accomplishing  this  is  by  means  of  a 
bituminous  membrane  composed  of  layers  of  burlap  or  similar 
material  impregnated  with  bitumen,  either  tar  or  asphalt. 
Such  a  membrane  should  be  elastic  in  order  to  accommodate 
itself  to  the  expansion  and  contraction  of  the  structure  and  it 
should  be  tough  to  resist  injury  and  should  not  crack  of  its  own 
accord.  The  waterproofing  membrane  should  be  protected  by 
a  covering  of  cement  mortar  in  order  that  it  may  not  be  injured 
by  the  handling  and  placing  of  ballast  or  other  materials  above 
it.  Figure  172  shows  the  method  of  waterproofing  bridge  floors 
recommended  by  the  Committee  on  Masonry  of  the  Am.  Railway 
Engineering  Assn.1 

The  following  conclusions  were  adopted  by  the  Committee: 

"1.  Watertight  concrete  may  be  obtained  by  proper  design,  rein- 
forcing the  concrete  against  cracks  due  to  expansion  and  contraction, 
using  the  proper  proportions  of  cement  and  graded  aggregates  to  secure 
the  filling  of  voids  and  employing  proper  workmanship  and  close 
supervision. 

2.  Membrane  waterproofing,  of  either  asphalt  or  pure  coal-tar 
pitch  in  connection  with  felts  and  burlaps,  with  proper  number  of 
layers,  good  materials  and  workmanship  and  good  working  conditions, 
is  recommended  as  good  practice  for  waterproofing  masonry,  concrete 
and  bridge  floors. 

3.  Permanent  and  direct  drainage  of  bridge  floors  is  essential  to 
secure  good  results  in  waterproofing. 

4.  Integral  methods  of  waterproofing  concrete  have  given  some 
good  results.  Special  care  is  required  to  properly  proportion  the  con- 
crete, mix  thoroughly  and  deposit  properly  so  as  to  have  the  void- 
filling  compounds  do  the  required  duty;  if  this  is  neglected,  the  value 
of  the  compounds  is  lost  and  their  waterproofing  effect  destroyed. 
Careful  tests  should  be  made  to  ascertain  the  proper  proportions  and 
effectiveness  of  such  compounds. 

Integral  compounds  should  be  used  with  caution,  ascertaining  their 
chemical  action  on  the  concrete  as  well  as  their  effect  on  its  strength; 
as  a  general  rule,  integral  compounds  are  not  recommended,  since  the 
same  results  as  to  watertightness  can  be  obtained  by  adding  a  small 
percentage  of  cement  and  properly  grading  the  aggregate. 

5.  Surface  coatings,  such  as  cement  mortar,  asphalt  or  bituminous 
1  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  15,  p.  531. 
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mastic,  if  properly  applied  to  masonry  reinforced  against  cracks  pro- 
duced by  settlement,  expansion  and  contraction,  may  be  successfully 
used  for  waterproofing  arches,  abutments,  retaining  walls,  reservoirs 
and  similar  structures;  for  important  work  under  high  pressure  of  water 
these  cannot  be  recommended  for  all  conditions. 

6.  Surface  brush  coatings,  such  as  oil  paints  and  varnishes,  are 
not  considered  reliable  or  lasting  for  waterproofing  of  masonry." 


CHAPTER  X 


CULVERTS  AND  UNDERGROUND  CONDUITS 

General  Conditions. — A  culvert  is  a  structure  built  through 
an  earth  roadway  embankment  crossing  a  ravine  to  permit  the 
passage  of  the  natural  water  course  and  to  prevent  the  accumula- 
tion of  water  above  the  embankment.  Timber  trestles  and 
bridges  are  frequently  replaced  by  an  earth  embankment  con- 
taining a  culvert.  Obviously  there  are  two  factors  involved  in 
the  design  of  a  culvert,  viz.,  (1)  the  size  of  the  opening  required 
to  carry  the  water  from  the  drainage  area  above  the  opening  in 
order  that  there  may  be  no  injury  to  the  embankment  nor  to 
adjacent  real  estate  by  flooding  due  to  backwater,  and  (2)  the 
structure  should  be  stable  under  the  loads  to  which  it  is  subject. 

The  exact  requirements  of  both  of  these  conditions  are  inde- 
terminate with  any  degree  of  nicety,  but  estimates  have  to  be 
made  under  the  guidance  of  experience  and  judgment  to  a 
considerable  extent.  However,  observation  of  past  practice 
indicates  the  limits  of  safe  procedure,  and  fortunately  great 
refinement  in  these  matters  is  not  necessary. 

Area  of  Waterway  Required. — Successful  design  requires  that 
sufficient  waterway  be  provided  to  pass  the  maximum  flood  flow 
that  is  likely  to  occur  frequently  although  perhaps  not  the  maxi- 
mum that  may  ever  occur.  That  is,  the  opening  should  accom- 
modate the  maximum  flood  that  might  be  expected  to  occur  in 
perhaps  each  25-year  period  but  not  the  maximum  that  would 
occur  in  a  century,  it  being  cheaper  to  sustain  the  loss  due  to 
this  rare  flood  than  to  provide  for  it  in  the  original  structure. 
Whether  the  flood  to  be  provided  for  should  be  the  maximum  in 
25  years,  in  50  years  or  in  a  century  will  obviously  depend  upon 
the  character  and  extent  of  the  damage  likely  to  occur  from  the 
unaccommodated  flood.  The  damage  to  inundated  woodland 
would  be  small  and  such  land  might  be  flooded  every  10  years  or 
so,  while  the  damage  to  city  property  would  be  so  great  that 
perhaps  the  maximum  recorded  flood  should  be  provided  for  in 
the  design,  and  there  would  be  a  complete  range  of  conditions 
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between  these  limits  so  that  the  engineer's  judgment  will  have 
to  be  exercised  in  making  the  decision. 

The  amount  of  flow  through  a  culvert  depends  on  about  six 
principal  factors;  namely,  (1)  the  area  to  be  drained,  (2)  the 
intensity  and  duration  of  the  rainfall,  (3)  the  shape  of  the  drainage 
area,  (4)  the  character  of  the  slopes,  (5)  the  character  of  the  soil 
and  of  the  vegetation,  and  (6)  climatic  conditions. 

The  flood  flow  increases  with  the  area  drained  but  not  in 
direct  proportion,  because  the  precipitation  is  not  uniform  over 
large  areas,  and  moreover,  that  rain  which  falls  on  the  lower 
portions  of  the  area  escapes  before  that  from  the  more  remote 
portions  of  the  watershed  reach  the  culvert  opening.  Observa- 
tions indicate  that  the  run-off  varies  with  the  one-half  or  three- 
fourth  power  of  the  area  for  the  humid  regions  and  average 
rolling  topography. 

Obviously  the  run-off  would  increase  with  the  amount  of  pre- 
cipitation, both  with  the  intensity  and  with  the  duration.  Heavy 
precipitation  is  not  confined  to  the  humid  regions,  for  floods  of 
extreme  intensity  are  of  frequent  occurrence  in  the  arid  districts. 
The  rainfall  of  maximum  intensity  through  a  period  equal  to 
that  required  for  water  falling  on  the  most  remote  portions  of  the 
watershed  to  reach  the  culvert  will  be  the  rainfall  that  will 
produce  the  maximum  flood  discharge  because  of  the  cumulative 
effect. 

The  shape  of  the  area  also  has  a  direct  influence  on  the  flood 
height.  A  long  narrow  valley,  which  allows  the  water  falling  on 
the  lower  portion  to  run  off  before  that  on  the  upper  portion 
reaches  the  culvert  does  not  yield  so  great  a  flood  height  as  a 
fan-shaped  watershed,  which  would  deliver  water  at  the  outlet 
from  all  portions  at  once. 

Steep  slopes  likewise  yield  a  larger  flow  from  a  given  precipi- 
tation than  does  a  rolling  country,  and  the  latter  yields  a  greater 
run-off,  in  turn,  than  does  an  area  consisting  of  prairie  or 
plains. 

The  character  of  the  soil  and  of  the  culture  affects  the  yield 
of  a  watershed  in  that  impervious  rocky  soil  causes  the  water  to 
collect  in  rivulets  the  more  readily  and  to  reach  the  natural 
water  courses.  Cultivated  land  allows  a  smaller  percentage 
of  run-off  than  does  waste  or  wooded  land.  Contrary  to  a  belief 
widely  held,  forests  do  not  appreciably  affect  flood  conditions, 
although  they  may  influence  the  regular  flow.    For  a  similar 
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reason,  frozen  soil  yields  a  greater  percentage  of  run-off  than  does 
soil  that  is  not  rendered  impervious  by  being  frozen. 

The  run-off  might  be  estimated  and  the  size  of  the  water-way 
selected  to  provide  for  this  flow,  but  it  is  simpler  to  estimate  the 
area  of  the  water-way  directly  from  the  area  of  the  watershed, 
since  the  solution  of  the  problem  does  not  admit  of  great  refine- 
ment in  either  case.  Various  formulas  have  been  proposed  as 
an  aid  to  the  engineer's  judgment,  but  it  should  be  remembered 
that  they  are  to  serve  as  an  aid  only  and  should  not  replace  his 
judgment.  A  comparison  of  the  various  formulas  proposed1 
indicates  that  the  one  devised  by  Professor  A.  N.  Talbot  in 
general  gives  the  most  reliable  results.    It  is 

a  =  CAl 

in  which,  a  is  the  area  of  the  required  water-way  in  square  feet, 
A  the  area  of  the  watershed  in  acres,  and  C  is  a  coefficient  varying 
from  }q  to  1.  For  steep  and  rocky  ground  with  conditions  of 
vegetation,  shape  of  drainage  area,  etc.  favorable  to  a  maximum 
discharge,  C  is  %  to  1;  for  rolling  agricultural  country  subject 
to  floods  at  times  of  melting  snow  with  length  of  valley  about 
three  times  the  width,  C  is  about  }i;  in  districts  not  affected  by 
snow  where  the  valley  is  several  times  as  long  as  wide,  }■£  or  % 
or  less  may  be  used.  C  should  be  increased  for  steep  side  slopes, 
especially  if  the  upper  part  of  the  valley  has  a  much  greater  fall 
than  does  the  channel  at  the  culvert. 

The  carrying  capacity  of  a  culvert  is  decreased  somewhat  when 
the  height  of  the  water  reaches  the  soffit  of  the  culvert  because 
of  the  well  known  principle  that  the  increasing  of  the  wetted 
perimeter  decreases  the  carrying  capacity.  This  fact  causes 
culverts  to  flood,  or  be  " drowned,"  at  times  when  their  carrying 
capacity  is  slightly  exceeded.  When  a  pond  forms  above  the 
culvert,  the  latter  discharges  under  a  head,  the  discharge  capa- 
city in  this  circumstance  being  Ka\/~2gH,  in  which  a  is  the  area 
of  the  culvert  and  H  the  head  on  the  center  of  the  culvert  open- 
ing, and  K  is  a  coefficient  of  discharge.  The  value  of  K  is 
about  0.6  for  square  ended  culverts  and  about  0.95  for  culverts 
with  bell  or  rounded  entrance.2 

The  extent  to  which  water  may  be  allowed  to  head  up  against 
an  embankment  above  a  culvert  depends  upon  the  nature  of  the 

1  Proc.  Amer.  Ry.  Eng.  Assn.,  vol.  8. 

2  Engineering  Record,  Mar.  16,  1912. 
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embankment  and  the  arrangement  at  the  end  of  the  culvert  as 
well  as  on  the  probable  damage  that  would  result  to  property- 
owners  above.  With  a  stable  embankment,  excessive  floods 
may  be  taken  care  of  in  this  way,  usually  without  serious  harm 
to  the  embankment.  Moreover,  it  may  be  cheaper  to  repair 
the  embankment  at  times  than  to  sustain  the  heavier  fixed 
charge  incurred  in  constructing  a  larger  culvert  that  would  carry 
the  maximum  flood  without  backwater  damage.  Unless  negli- 
gence is  proved,  it  has  been  held  by  the  courts  that  a  railroad 
is  not  liable  for  damage  from  extraordinary  floods,  although  it 
will  be  held  for  damage  from  floods  that  might  have  been  foreseen 
by  prudent  men,  where  the  flood  results  from  insufficient  water- 
way. This  rule  applies  only  where  the  railroad  did  not  obtain 
its  right  of  way  from  the  plaintiff,  for  it  is  assumed  that  such 
damage  would  be  included  in  the  damages  awarded  the  grantor 
when  the  land  was  taken. 


h  13.5"Dbm.-  — h 


Fig.  173. — Lines  of  equal  vertical  unit  pressures  in  sand. 

Distribution  Through  Earth  of  Pressures  from  Superimposed 
Loads. — The  portion  of  the  culvert  which  carries  the  load  of  the 
roadway  and  the  live  load  will  be  determined  by  the  extent  to 
which  the  earth  fill  distributes  the  load  laterally.  Experiments 
made  at  the  University  of  Illinois1  and  at  Pennsylvania  State 
College2  on  sand  show  that  the  load  is  distributed  within  an 
area  bounded  by  lines  sloping  1:2  from  the  area  of  application. 
The  intensity  of  pressure  is  maximum  at  the  center  of  application 
and  decreases  to  zero  at  the  edge  of  the  zone  of  pressure.  See 
Fig.  173.  Assuming  that  this  law  of  pressure  holds  good  for 
earths  as  well  as  for  sand,  the  load  should  be  considered  as 
distributed  over  a  length  of  culvert  equal  approximately  to  w  + 
}/2,d,  where  w  is  the  width  of  the  area  over  which  the  load  is 

1  Engineering  Record,  Jan.  22,  1916. 

2  Engineering  Record,  May  30,  1914. 
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applied  at  the  surface  and  d  is  the  depth  of  the  fill,  for  the  pres- 
sure may  be  considered  practically  uniform  over  this  length  of 
culvert.  If  the  barrel  of  the  culvert  is  constructed  continuously 
instead  of  in  sections,  the  load  may  be  considered  as'  borne  by  a 
somewhat  greater  length  than  this,  which  from  analogy  to  slabs 
may  be  estimated  at  about  0.6  the  span  of  the  culvert.  On  this 
assumption,  the  length  over  which  the  load  would  be  distributed 
would  be  iv  +  Y^d  +  0.6s,  s  being  the  span  of  the  culvert  in  feet. 

The  bearing  on  the  footings  and  floor  arches  and  struts  is 
considered  as  uniformly  distributed  and  they  are  designed 
accordingly.  They  are,  of  course,  only  inverted  beam  members 
with  the  side  walls  of  the  culvert  forming  the  supports  and  the 
upward  pressure  of  the  earth  the  loading.  The  track  load  may 
be  considered  as  uniformly  distributed  over  a  zone  of  the  footing 
bounded  by  lines  diverging  from  the  area  of  application  at  a 
slope  of  1 : 4  through  the  earth  and  1 : 2  through  the  masonry. 
See  Fig.  175. 

The  depth  of  earth  effective  on  the  top  of  a  culvert  is  somewhat 
conjectural.  The  earth  in  a  fill  probably  arches  over  sufficiently 
at  a  depth  of  three  times  the  span  of  the  culvert  to  carry  the 
load  above  that  point  according  to  numerous  experiments  made 
on  the  behavior  of  granular  material  in  bins  and  in  accordance 
with  the  theory  of  Janssen  given  on  p.  375.  Hence  it  is  probably 
unnecessary  to  consider  as  a  maximum  a  greater  depth  of  fill  than 
about  three  times  the  culvert  span  as  coming  on  the  culvert. 
However,  some  conservative  engineers  consider  all  earth  above 
a  culvert  together  with  the  live  load  resting  thereon  as  being 
carried  by  the  culvert,  but  this  is  believed  to  be  unnecessarily 
conservative. 

Full  impact  allowance  of  LL/(LL  -f  DL)  should  be  allowed 
where  the  track  (ties)  rests  directly  on  the  masonry;  if  the  track 
is  well  ballasted,  50  per  cent  of  this  allowance  is  probably  suffici- 
ent; where  there  is  an  earth  fill  in  addition  to  ballast,  this  50 
per  cent  allowance  may  be  decreased  to  zero  at  depth  of  10  ft. 
or  about  twice  the  span.  Such  appears  to  be  the  consensus  of 
opinion  of  practicing  railway  engineers  and  others.1 

Slab  Culvert  of  Rectangular  Cross  Section. — Where  the  top 
slab  of  a  culvert  of  rectangular  cross  section  is  built  monolithi- 
cally  with  the  side  walls,  the  top  span  is  usually  designed  as  a 
beam  with  a  length  equal  to  the  clear  span.    The  specification 

1  Proc.  Amer.  Ry.  Eng.  Assn.,  Vol.  20,  p.  943  ff. 
23 
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of  the  Joint  Committee  as  to  the  span  length  to  be  taken  is  as 
follows : 

"The  span  length  for  beams  and  slabs  simply  supported  should 
be  taken  as  the  distance  center  to  center  of  the  supports,  but 
need  not  be  taken  to  exceed  the  clear  span  plus  the  depth  of  the 
beam  or  slab.  For  continuous  or  restrained  beams  built  mono- 
lithically  into  the  supports,  the  span  length  may  be  taken  as  the 
clear  distance  between  the  faces  of  the  supports.  Brackets 


2  z 


Fig.  174. — Forces  acting  on  a  rectangular  culvert. 

should  not  be  considered  as  reducing  the  clear  span  in  the  sense 
here  intended,  except  that  when  brackets  which  make  an  angle 
of  45°  or  more  with  the  axis  of  a  restrained  beam  are  built  mono- 
lithically  with  the  beam,  the  span  may  be  measured  from  the 
section  where  the  combined  depth  of  beam  and  bracket  is  at  least 
one-third  more  than  the  depth  of  the  beam." 

Tests  made  at  the  University  of  Kansas  under  the  author's 
direction,  indicate  that  where  the  restrained  beam  is  built  mono- 
lithically  with  the  support,  the  center  of  pressure  at  the  support 
is  about  0.3  to  0.2  of  the  width  of  the  support  from  the  face  of 
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the  latter.  In  some  cases,  brackets  served  to  bring  the  center 
of  pressure  to  the  face  of  the  support  or  slightly  beyond. 

The  side  walls  are  designed  as  slabs  resisting  the  lateral  thrust 
of  the  earth  and  restrained  at  the  top  and  bottom,  and  also 
supporting  the  weight  of  the  top  slab  and  its  superimposed  load 
of  fill  and  live  load.    The  unit  lateral  pressure  is  taken  as 

1  ,  Sln  ^  •  wh,  or  k  wh,  w  being  the  weight  of  the  fill  per  cubic 
1  +  sin  <f> 

foot  and  h  the  depth  of  the  fill  to  the  point  considered.  For  small 
culverts  at  considerable  depth  the  error  would  not  be  large  if  the 
pressure  were  considered  as  uniform  over  the  sides  and  the  center 
of  pressure  at  half  the  height  of  the  side  wall.  Figure  174  illus- 
trates the  forces  acting  on  a  culvert  cross  section  and  on  the 
side  wall  as  a  separate  member. 

In  reinforced  concrete  culverts,  longitudinal  reinforcement  is 
provided  to  prevent  unsightly  cracks,  such  as  might  lead  to 
deterioration  of  the  concrete,  due  to  temperature  changes  and  to 
shrinkage.  The  amount  of  this  steel  may  be  somewhat  less 
than  the  amount  of  ordinary  temperature  reinforcement  owing 
to  the  protection  afforded  by  the  surrounding  earth.  About 
0.15  per  cent  of  the  cross  section  of  the  concrete  will  suffice. 
This  should  be  placed  near  the  exposed  face  of  the  side  walls. 

Where  the  footings  are  joined  by  transverse  struts  built 
monolithically  with  the  footing,  such  a  strut  sustains  the  reaction 
of  the  foundation  in  the  proportion  that  its  area  bears  to  the 
total  footing  area.  A  footing  strut  then  is  subject  to  the  forces 
shown  at  (c) .  The  force  P  equals  the  earth  pressure  on  the  side 
wall  over  the  area  tributary  to  the  strut,  or  in  other  words,  the 
bottom  reaction  of  the  side  wall  for  a  width  equal  to  the  spacing 
of  the  struts.  The  frictional  force,  F,  in  the  absence  of  struts  will 
equal  W  /,  where  W  is  the  weight  on  the  side  wall  over  a  length 
equal  to  the  spacing  of  the  struts  and  /  is  the  coefficient  of  fric- 
tion between  the  masonry  and  the  foundation.  This  represents 
the  maximum  value  of  F  for  obviously  it  could  never  be  greater 
than  P.  In  the  event  that  the  maximum  possible  value  of  F  is 
equal  to  or  greater  than  P,  then  a  transverse  strut  is  not  actually 
required.  A  comparatively  low  value  should  be  assigned  to  / 
because  of  the  lubricating  effect  of  water  and  infiltered  clay. 
See  p.  218. 

In  detailing  the  plans  for  a  culvert,  it  is  desirable  to  show  the 
following:  (1)   a  longitudinal  sectional  elevation  along  the 
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center  line  of  the  culvert;  (2)  a  complete  plan  of  the  culvert  if 
unsymmetrical,  or  half  plan  if  symmetrical;  (3)  a  complete  plan 
of  footings  if  unsymmetrical,  or  half  plan  if  symmetrical;  (4)  a 
half  cross  section  at  the  center  line  of  track,  a  half  section  at 
parapet,  and  such  other  sections  as  may  be  required  to  show  the 
reinforcement;  (5)  an  end  view,  or  half  end  view,  if  symmetrical. 
Figure  175  shows  the  standard  form  of  rectangular  culvert  of 
the  C.  M.  &  St.  P.  R.  R. 

The  relation  between  the  height  and  depth  of  a  culvert  opening 
is  arbitrary.  A  square  section  has  the  maximum  area  for  a 
given  perimeter.  However,  to  prevent  the  accumulation  of 
water  at  the  entrance,  it  is  customary  to  make  the  span  somewhat 
greater  than  the  height.  On  the  other  hand,  owing  to  the  greater 
pressures  on  the  top  and  bottom  slabs,  it  would  be  economical 
of  material  to  make  the  height  greater  than  the  width.  For  an 
opening  giving  a  constant  discharging  capacity  when  flowing 
full  and  a  minimum  of  masonry,  the  height  should  be  approxi- 
mately 1.18  times  the  width.  In  expressing  the  dimensions  of  a 
culvert,  the  span  is  usually  given  first,  thus  an  8  ft.  by  6  ft. 
culvert  means  one  with  an  8  ft.  span  and  a  6  ft.  height  inside 
dimensions. 

The  design  of  a  highway  culvert  is  similar  to  that  of  a  railway 
culvert  except  that  the  details  are  lighter  owing  to  the  lighter 
loads  to  be  carried.  Fills  over  highway  culverts  are  seldom 
comparable  in  depth  to  those  over  railways  culverts,  and  fre- 
quently the  fill  is  almost  entirely  lacking. 

The  wingwalls  may  be  either  at  right  angles  to  the  culvert, 
form  a  straight  continuation  of  the  sidewalls,  or  they  may  flare 
at  an  angle  with  the  sidewalls.  The  first  or  the  last  arrangement 
of  wings  will  usually  be  found  the  most  satisfactory,  the  choice 
depending  chiefly  upon  the  disposition  of  the  side  drainage. 
Where  the  span  exceeds  about  12  ft.,  it  is  customary  to  use  a  slab 
bridge  rather  than  a  monolithic  culvert  for  a  highway  crossing. 

Stresses  in  Pipes  Due  to  External  Loads.1 — External  loads 
produce  direct  compressive  stresses  and  bending  moment  in  the 
pipe  section.  The  external  loads  consist  of  the  weight  of  the 
superimposed  earth  in  the  trench  and  the  upward  pressure  from 
the  bottom  equal  to  it,  the  lateral  pressures  of  the  earth,  and  the 
weight  of  any  loads  which  may  be  placed  over  the  trench,  such 

1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  22,  p.  4. 
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as  loads  on  the  street  surface,  buildings,  loads  passing  over  a 
railroad  track,  etc. 

Let      r  —  the  radius  of  the  pipe,  and  d  the  diameter 
the  load  on  a  unit  area 
the  moment  at  A 
the  moment  at  B 
the  moment  at  any  point 
central  angle  for  any  segment  of  arc  AC 
the  angular  change  of  the  normal  section  due  to  the 
load 

radius  of  curvature  of  the  elastic  curve. 
Case  I.    Concentrated  load.    Figure  176  (a)  shows  a  section 
of  a  pipe  sustaining  a  concentrated  load  P,  and  (e)  shows  a  seg- 


w 
MA 
MB 
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R  = 


(d)  \Q 

Fig.  176. — Stresses  in  a  pipe  conduit  due  to  external  loads. 


ment  somewhat  enlarged.  The  moment  at  any  point,  C,  may 
be  found  as  follows: 


From  mechanics, 


M  =  V2  Qr  (1  -  cos  <p)  -  MA  (1) 
M  =  1  =  dd 
EI~  R~  ds 


,  M     dd     dd  Mr 

Since  ds  =  rd<p,  i^r  =    ,  -  or  -  = 

EI     rd<p    dip  EI 


(2) 
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The  angle  dd  is  the  resulting  change  in  the  direction  of  the  normal 
due  to  the  bending  moment;  r  remains  practically  constant. 
dd 

Then  ^  represents  the  <p-rate  of  change  of  direction  of  the  normal. 
It  is  evident  that 


.  i 

or  substituting, 


2dd 
dip 


CMBMr  CMB. 
I     -j^j  or  I  1 
J MA  &l  JMa 


Mr  =  0 


Jo  ~2"         C°S  ^      ~~  Jo 


MArd<p  =  0 


Whence, 


^(|  -  l)  -  MA^  =  0,  orMA  =  MlQd 
Substituting  this  value  of  MA  and  making  <p  =  90° 

MB  =Q~-  .091  Qd  =  .159  Qd 


(3) 


(4) 


(5) 


(6) 


Case  II.  Distributed  vertical  load.  In  Fig.  176  (b),  a  section 
of  a  pipe  is  shown  carrying  a  distributed  load  and  at  (g)  a  seg- 
ment with  a  central  angle  4>.  Following  the  reasoning  of  Case  I, 
there  results, 


f>de  =  CMBi 

JO  dip      J  ma 


Mr  =  0 


Since  ^  measures  the  rate  of  angular  change  of  the  normal  to  the 

elastic  curve  and  the  total  change  from  A  to  B  is  zero,  because 
the  tangents  at  A  and  B  do  not  change  from  their  original 
positions,  the  integral  of  this  quantity  between  the  limits  is  0. 
The  moment  at  any  point,  C,  is 

M  =  wr2(l  -  cos  <p)  -  %wr2(l  -  cos  <p)2  -  MA  (8) 

But  the  total  change  being  zero,  we  have 


t 


M  =  0 


since  E,  I  and  r  are  constant. 


t 


wr2(l  —  cos  <p)dip 


Jo  2 


~wr2(l 


cos  ip)2dip 


-£ 


MAdip  =  0  (9) 
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f 

Jo 


or 

-  wr2(l  -  cos2  <p)d<p  -  |  MAd<p  =  0 
Whence,  MA  =  -^jor2  and  since  MA  =  —MB, 

Ma  =  -MB  =  j^Wd 

Case  III.  Distributed  vertical  load  and  a  distributed  horizontal 
load.    Figure  176  (c)  and  (h). 

By  analogy  the  moment  due  to  the  lateral  pressure  is 

MB  =  —MA  =  ^qwr2 

Hence,  the  combined  moment  is 

^wr2  —  ^qwr2  =  |w2(l  —  q)  =  j^Wdil  —  q) 

Stresses  in  Pipes  Resulting  from  External  Loads. — Owing 
to  the  fact  that  the  ring  sustains  a  direct  compression  at  the 
sides,  the  effect  of  bending  at  these  points  is  somewhat  modified 
by  increasing  the  compressive  stress  and  decreasing  the  tensile. 
Consequently  the  bending  will  affect  the  ring  most  severely  at 
the  top.    The  stress  at  the  top  due  to  a  concentrated  load  is 

_  0.954Qrf  _  Qd 
t2      ~  t2 

ii        i   +  +v>    'A    q      Q  j-  0.546Qd 
practically,  and  at  the  sides  bA  =  ^  ± 


Due  to  vertical  distributed  loads  only,    Sb  =  5 


t2 

=  8  f 


j     ±  +r        n  „  W         3  Wd 

and  at  the  sides  ~2t     8  IF 

Due  to  both  vertical  and  horizontal  loads 

a  qWd  ,  3  Wd  . 
Sb  ~  ~2T  ±  8  IT  d  ~  V 

and  at  the  sides  bA  =        ±  g  — 2-  (1  —  q) 

From  the  analysis  of  the  preceding  paragraphs,  the  bending 
moment  and  stresses  at  any  intermediate  point  can  be  deter- 
mined. 
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Small  Box  Culverts  and  Conduits. — A  section  of  a  rigid  box 
culvert  has  essentially  the  same  properties  as  a  curved  beam. 
That  is,  the  sum  of  the  displacements  on  the  left  side  equals  the 
sum  of  those  on  the  right.    See  p.  148. 

Let  Mc  =  the  moment  at  the  section  at  the  middle  of  the  top. 

Hc  =  the  thrust  at  the  section  at  the  middle  of  the  top. 

Vc  =  the  shear  at  the  section  at  the  middle  of  the  top. 
M\  and  M'r  =  the  moments  due  to  loads  on  the  left  and  right 
respectively. 


< — 
f. 

\ 

b  i-> 

h 
i 

ttft'tttl' 

I  I  Jf  1  I  I  Jf  1 


< — b 


Ca) 


mil 


 ! 


TP3" 

(b) 


Fig.  177. — Moments  in  a  rectangular  box  culvert. 


x  and  y  =  the  co-ordinates  of  the  section  referred  to  the  origin 
at  the  middle  of  the  top. 


The  ^/-displacement,       Ay  =  j^ls  =  fKps, 
The  ^-displacement,       Ax  =  j  ^  =-j  M^dl, 

The  angular  displacement  A  <p  —J^J^l  =  — 

For  the  left  side,     Mt  =  M{  +  M0  +  Hay  -  V0x 

For  the  right  side,  MT  =  M/  +  M 0  +  Hay  +  V0x 

Substituting  in  the  above  equations  and  reducing1, 

'ds 


Cds  CM'yds  _  Cyds  fM'd 
JilJ     I         Jil  J  I 


(i) 

(2) 

(3) 

(4) 
(5) 

(6) 


1  Johnson,  Bryan  and  Turneaure,  Stresses  in  Framed  Structures,"  Vol. 
2,  p.  386.   Hool  and  Johnson,  "Concrete  Engineers'  Handbook,"  p.  787. 
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rXds 

(7) 


jM'&ds  _j 
2  I- 


Mr  =  - 


C  ds 

2b 


(8) 


The  symbol  fh  indicates  the  summation  is  for  the  half  of  the 
frame  only.  The  half  frame  is  considered  as  fixed  at  the  middle 
of  the  bottom. 

Case  I.    Load  P  at  the  center.    See  Fig.  177  (a). 

P 

For  the  top,    M'  =  —  ^ 
Pb 


for  the  side,  M'  =  - 


4  ' 
W/b 


W/b       y  P 
for  the  bottom,  M'  =  — «      -  xj  - 

6 

CM'yds    2  n\    w/b      Y    P  1  2  fh  Pb 

Whence  J  —  =-jQ  x)  -  -x\hdx  +  ^  -  ^ 


Pfrfr2  _  Pfc/i2 
6/i      4/2  " 


f?  4X1-  se  -H-h +a 


2f     P6  T 
dx  +  —  |  — 


2_  P6f 
24  7a 

b 


2/; 


/•yds  i  r7  7    if'      &  & 

b 

/Vds     1  f2  1  fA  W36  2h\ 
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Substituting  these  values  in  (6) 


_Ui     72A     6/x       4/J    2U1+/2A  24/x 
0r/i2/6   ,/i  \2    7b    .  h\  h2/3b  ,  2h\i 

2LrU  + 1 J  ~  Kz  +  TJ  *  Q\ h  +  /J  J 
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P6/t\ 
2/2  7 


P62 

48/1  _  =  1  p 


bh 

21,  +  6/2 


Kin  which  R  =  |andS  =  £ 


7  PW 


M,  =  — 


Pbh     1    PP2     h/  b 


\Sh     I J  ~ 


24  Sh     2/2  ^  4  5  +  3P  2 


Ls/2  ^  72J 

P6  6£2  +  20PS  +  9P2, 
24  (5  +  P)(£  +  3P) 
Case  II.    Uniform  load  w  on  top  and  bottom.    See  Fig.  177 

(b).    For  the  top,  M '  =  -         for  the  side,  M'  =  -  for 
w  (b 


the  bottom,  M>=  -  |(|  -  x)*  +  - 
jM'yds  _  2  jT*2|~     w  ^&       ^  + 


w&2 

8 

2 

wb2 

2 

+ 


~8/7' 


2_  /*' 


w&2 


241, 

b 


CM'ds     2  n\     w/b       V     ^6/6  \1 

J  "r "  rj.  [  -  2(2  -  *)  +t(;-*)J 


+ 


wb3 
l27i 


wb2h 

477' 


2_  rh    wb2  2 

I2J0       8  7lt/o 


"da; 


77 


_w6^A2\  _h(b_     h\(     wb3  wb2h\ 
=  \I,  ^  I J  \  241 \       872  /     2  l/^/JV  \2I~irJ 

1  Hool  and  Johnson,  "Concrete  Engineers'  Handbook,"  p.  788. 
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=  0,  as  may  have  been  anticipated. 
—  wb3  wb2h 


Mr  = 


I2h       472  =  wb2  R  +  3S 
hi     '  24  R  +  S 


'[f,*rj 

Case  777.  Loads  on  the  sides.  For  the  top,  M'  =  0;  for 
the  side,  Af '  =  —  -y ;  for  the  bottom,  AT  =  -  -g- 

pa ...    ,  __        W  S 
Proceeding  as  before,  77c  =  -g*,  and  Mc  —  —  ^   #  _|_  g 

Having  calculated  the  moment  and  thrust  at  the  middle  of  the 
top  for  the  conditions  given,  the  moment  and  thrust  at  any  other 
point  may  be  calculated  by  Eq.  (4).  For  conditions  involving  all 
three  cases,  the  moment  or  thrust  due  to  a  combined  concen- 
trated load,  distributed  load  and  side  pressure  may  be  readily 
obtained  by  adding  algebraically  the  corresponding  functions 
for  the  separate  cases. 

The  passive  pressures  at  the  sides  doubtless  exert  some  ten- 
dency to  restrain  the  top  slab,  hence,  the  moments  calculated  as 
above  are  probably  somewhat  greater  than  the  moments  actually 
existing. 

Large  Culverts  and  Conduits  of  Curved  Section. — In  large 
conduits  of  curved  cross  section  with  a  comparatively  thin  arch 
and  a  heavy  invert  resting  on  solid  rock,  the  stresses  may  be 
calculated  by  the  principles  already  explained  for  the  elastic  arch, 
the  arch  being  considered  as  fixed  at  its  junction  with  the  invert. 
This  method  would  apply  only  of  course,  where  there  is  not  a 
construction  joint  at  this  section  but  a  rigid  monolithic  junction. 
The  loads  being  symmetrical,  the  formulas  become 
_  nj^my  —  SmSy 

Hc  ~  "(Sy)2  -  n.S2/2~ 

Vc  =  0 

*m  +  H^y 

na 

M  =  Mc  +  m  +  Hc-y. 

The  procedure  is  identical  with  that  explained  in  Chap.  V, 
hence,  a  further  discussion  is  unnecessary  in  this  connection. 
Figure  179  illustrates  a  sewer  constructed  in  the  manner  here 
contemplated. 

Where  a  conduit  has  a  comparatively  light  invert  and  is  con- 
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structed  on  yielding  soil,  the  procedure  previously  explained  for 
curved  beams  and  arches  is  readily  adapted  to  the  determination 
of  the  stresses.  The  procedure  is  similar  to  that  used  in  the  elas- 
tic arch  mentioned  above,  except  that  the  summations  must  be 
made  from  the  crown  to  the  middle  of  the  invert,  for  between 
these  points,  the  total  change  in  co-ordinates  and  slope,  i.e., 
Ax,  Ay,  and  A$  are  zero.  The  procedure  can  best  be  explained 
by  an  example. 


Fig.  178. — Analysis  of  stresses  in  a  large  conduit  of  curved  section. 


Take  the  conduit  shown  in  Fig.  178,  sustaining  an  equivalent 
depth  of  earth  of  12  ft.,  including  the  equated  superimposed  load. 
The  angle  of  repose  is  taken  as  30°;  the  horizontal  unit  pressure 

is  taken  as        s^_^  ^  or  wh/3.    Earth  is  assumed  to  weigh 
1  +  sm  <$> 

100  lbs.  per  cubic  foot. 

The  conduit  section  is  divided  into  12  segments  so  that  ds/I 
is  constant  as  was  done  for  the  elastic  arch.  The  resultant  loads 
on  the  extrados  of  the  section  are  shown.  The  quantities  for 
determining  Hc  and  Me  are  given  in  Table  XXVI.    The  pro- 
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cedure  is  the  same  as  for  the  fixed  arch,  care  being  exercised  to 
preserve  the  proper  signs  in  the  calculations.  For  example, 
Ma  =  -  720(2.00  -  0.29)  -  730(2.00  -  0.87)  -  740(2.00  - 
1.42)  -  770(2.00  -  1.96  )-  890(2.00  -  2.60)  -  1,060(2.00  - 
3.29)  -  1,260(2.00  -  4.04)  -  1360(2.00  -  4.85)  -  230(2.00  - 
5.06)  -  (-4,090)(2.00  -  3.80)  -  50  X  9.46  -  60  X  9.33  - 
100  X  9.11  -  150  X  8.72  -  260  X  8.34  -  460  X  7.54  -  1,000  X 
6.14  -  3,210  X  2.92  -  450  X  0.37  =  -25,430  lb.-ft. 

After  calculating  the  crown  thrust,  Hc,  and  its  eccentricity, 
e,  Hc  is  drawn  a  distance,  e,  up  from  the  center  of  the  crown,  since 
e  is  positive,  and  the  equilibrium  polygon  drawn  in  the  usual 
manner  by  laying  off  the  load  line  of  the  force  polygon,  measuring 
the  pole  distance  equal  to  Hc,  drawing  the  rays  of  the  force 
polygon,  and  finally  drawing  the  lines  of  the  equilibrium  polygon 
parallel  to  their  corresponding  rays. 

The  moment  at  any  point  can  be  computed  either  by  the  equa- 
tion M  =  Mc  +  Hc  y  +  m,  or  by  scaling  the  ordinate  to  the 
equilibrium  polygon  and  multiplying  it  by  the  component  of 
the  thrust  at  that  point  that  is  perpendicular  to  the  section. 
The  stresses  at  any  point  can  be  computed  in  the  usual  manner 
from  the  moment  and  thrust  at  that  point.  The  stresses  in  this 
case  are  such  that  steel  reinforcement  would  have  to  be  employed. 
Table  XXVI. — Analysis  of  Conduit  Section 


Loads 

Point 

V 

yi 

X 

m 

m-y 

V.  comp. 

//.  comp. 

1 

0 

00 

0 

000 

0 

29 

720 

0 

0 

0 

2 

0 

08 

0 

006 

0 

87 

730 

50 

-420 

-40 

3 

0 

21 

0 

044 

1 

42 

740 

60 

-1,220 

-260 

4 

0 

43 

0 

185 

1 

96 

770 

100 

-2,430 

-1,050 

5 

0 

72 

0 

518 

2 

60 

890 

150 

-4,390 

-3, 160 

6 

1 

20 

1 

440 

3 

29 

1,060 

260 

-7,200 

-8,640 

7 

2 

00 

4 

000 

4 

04 

1,260 

460 

-11,340 

-22,680 

8 

3 

40 

11 

560 

4 

85 

1,360 

1,000 

-17,890 

-60,840 

9 

6 

62 

43 

820 

5 

06 

230 

3,210 

-27, 160 

-189,780 

10 

9 

17 

84 

090 

3 

80 

-4,090 

450 

-30,340 

-278,220 

11 

9 

54 

91 

010 

2 

00 

- 1 , 860 

150 

-25,430 

-242,600 

12 

9 

71 

94 

280 

0 

64 

-1,810 

80 

-23,960 

-232,650 

2  

43 

08 

330 

953 

0000 

5,960 

-151,780 

-  1 , 039 , 920 

12(- 1,039 ,920)-(-  151,780)(43.08) 


Mc  = 


1856  -  12  X  330.95 
1,51780  +  3,280X43.08 


=  3280  lbs. 


870 
=  3.280 


12' 

+  0.26  ft. 


=  +  870  lb.  ft. 
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Examples  of  Culvert  and  Conduit  Sections. — Figure  179 
shows  a  cross  section  of  a  large  intercepting  sewer  built  in  Chicago 
in  1915  to  serve  the  Calumet  district.1  The  section  was  built 
monolithically  and  was  reinforced  with  steel  rods  through  soft 
swampy  ground,  but  not  reinforced  in  firm  soil. . 

In  the  design  of  a  reinforced  concrete  culvert  or  conduit,  an 
assumed  percentage  of  reinforcement  must  be  used  in  calcula- 


te- -  6'-  -H 

Half  Section,.  I6|— ft.  Sewer 


K-  s'~-->) 

Half  Section,  13-fr.  Sewer 


Fig.  179. — Details  of  section  of  a  large  concrete  sewer. 

tions  of  the  stresses  by  the  method  explained  above.  A  com- 
parison with  existing  designs  for  similar  conditions  may  be  the 
best  guide  as  to  the  proper  amount  to  assume,  but  it  will  usually 
be  between  0.5  and  1.2  per  cent,  the  former  for  a  well  shaped 
section  in  firm  ground  and  the  latter  for  conduits  in  swampy 
earth. 

A  certain  amount  of  longitudinal  reinforcement  is  desirable 
in  reinforced  concrete  sewers  to  prevent  cracks  due  to  tempera- 
ture changes  and  shrinkage  of  the  concrete.  This  will  usually 
require  0.2  to  0.3  per  cent  of  steel.  In  plain  concrete  conduits,  it 
is  advisable  to  provide  contraction  joints  about  every  32  ft.  in 
order  to  localize  the  contraction  cracks  in  one  and  then  provide 
against  leakage  at  that  joint  by  the  use  of  a  joint  filler  of  mastic. 

Figure  180  shows  a  cross  section  of  a  10  ft.  by  6  ft.  rectangular 
culvert  of  the  C.  M.  &  St.  P.  R.  R.  for  fills  10  to  13  ft.  and  fills 
24  to  40  ft.  over  the  footing.    This  section  was  not  designed 

1  Engineering  News,  Dec.  23,  1915. 
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Secf  ion  K 
5'-6"    .t.  5'-G" 


5ecfioncil  Eleva+i on  on  <t  of  Culverf 
4&l'-0^4'-0-'/2hna.bar^  6' '  g'lW'-oU-d-Wonvit.  barf 


*      ^\^veri.  bars 
&     ^  Ms'-O'domls 


'/{x 7L0 "ver I  bars  "Tito 
'/^S'-o'c/oivels^^  f 
6"  .44^ no" =41-0'  s 


Half  Section  M~M  Half  Sec+ion  M~M 

fbr  /vZfe  10-13  ft  over  footing     for  Fills  ?4-40ft.overfootihg 

Fig.  180. — Details  of  a  standard  rectangular  culvert  of  C.  M.  &  St.  P.  Ry. 
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as  a  monolithic  frame,  but  rather  the  top,  bottom  and  sides  were 
considered  as  simple  slabs. 

A  section  through  the  standard  8-ft.  arch  culvert  of  the  CM. 
&  St.  P.  R.  R.  is  given  in  Fig.  181.  This  section  was  designed 
as  a  fixed  arch  between  the  supports  on  the  footing.  The  struts 
in  the  bottom  were  designed  essentially  as  simple  beams  with 
the  load  acting  upward. 

Figure  182  is  the  standard  6  ft.  by  6  ft.  culvert  of  the  Iowa 
Highway  Commission  and  represents  good  highway  practice. 


CHAPTER  XI 


BINS  AND  CHIMNEYS 

Introduction. — The  purpose  of  the  present  chapter  is  to  offer 
a  brief  study  of  the  conditions  and  elements  which  affect  the 
design  of  bins  and  related  structures  as  types  rather  than  to 
describe  the  details  of  design  and  construction  or  the  accessory 
facilities  required  in  handling  grain,  or  other  material  that  may 
be  stored  in  them.  The  principles  involved  have  a  wider  and 
more  general  application  than  in  the  design  of  the  particular 
structures  considered,  hence,  the  treatment  takes  on  the  nature 
of  a  study  of  principles  underlying  the  design  of  structures  of  a 
group  rather  than  the  design  of  any  one  particular  class. 

Various  materials  have  been  employed  in  the  construction  of 
grain  bins,  such  as  timber,  steel,  brick,  special  blocks  and  staves, 
and  monolithic  concrete.  Owing  to  the  adaptability  to  with- 
stand the  stresses  occurring  in  the  structure,  protection  against 
fire  hazard,  the  entrance  of  vermin,  and  dampness,  some  form 
of  masonry  construction  is  most  commonly  used  in  modern 
practice.  Since  1900,  reinforced  concrete  is  the  most  gen- 
erally used  material,  although  special  blocks  banded  with  steel 
are  being  employed  to  a  considerable  extent. 

The  demand  for  grain  bins  is  likely  to  increase  in  the  future 
because  of  the  desirability  of  year-to-year  storage  in  order  to 
make  more  uniform  the  supply  of  grain,  and  hence,  to  control 
the  price  of  grain  and  of  the  derived  food  products. 

Nature  of  Materials  Stored  in  Bins. — The  materials  stored 
in  bins  are  either  granular,  e.g.,  grain,  sand,  cement;  fragmental, 
e.g.,  ore,  coal,  crushed  rock;  or  plastic,  e.g.,  silage,  compressible 
seeds,  bitumens.  (See  p.  252.)  These  materials  exert  a  lateral 
pressure  at  any  point  less  than  the  vertical  pressure  at  that  point, 
the  ratio  between  the  lateral  and  vertical  pressure  depending 
upon  the  character  of  the  material,  i.e.,  the  coefficient  of  friction 
and  the  coefficient  of  cohesion,  if  any,  between  the  particles, 
and  upon  the  manner  of  storing.  For  a  perfect  fluid,  the  lateral 
pressure  is  equal  to  the  vertical  pressure  at  any  point  and  for  a 
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perfect  solid,  the  lateral  pressure  is  zero,  and  since  in  the  class  of 
materials  under  discussion  the  ratio  between  the  lateral  and 
vertical  pressure  at  any  point  is  less  than  1.0,  these  materials  are 
sometimes  called  "  semi-solids, "  or  "  semi-fluids. "  They  exert  an 
increasing  pressure  with  the  depth  where  the  depth  of  the  con- 
tainer is  not  greater  than  2}^  or  3  times  the  lateral  dimension, 
but  where  the  depth  is  greater  than  this,  the  pressures  are 
not  appreciably  affected  by  additional  depth. 

Many  experiments  have  been  made  on  the  behavior  of  granu- 
lar materials,  especially  grain,  sand  and  cement,  in  bins,  and  a 
few  observations  on  fragmental  and  plastic  materials,  although 
the  latter  are  comparatively  meagre.  For  an  excellent  resume 
of  these  experimental  investigations,  the  reader  is  referred  to 
the  authoritative  work,  "The  Design  of  Walls,  Bins  and  Grain 
Elevators"  by  Milo  S.  Ketchum. 

The  essential  characteristics  of  granular  and  fragmental 
materials  are  the  friction  and  interlocking  between  the  particles, 
by  virtue  of  which  the  material  may  be  heaped  or  piled  up  at  a 
certain  " angle  of  repose"  whereas  perfect  fluids  spread  out  in  a 
thin  sheet,  and  the  inequality  of  lateral  and  vertical  pressures 
at  any  point  in  the  body  of  the  material. 

Forces  Acting  on  a  Bin. — The  forces  acting  on  a  bin  include 
the  weight  of  the  structure  itself,  the  weight  of  the  material 
contained,  carried  partly  by  the  bottom  and  partly  through 
friction  by  the  sides,  the  force  exerted  by  the  material  while  in 
motion  either  while  discharging  or  in  a  slide,  the  pressure  of  the 
wind  and  the  reaction  of  the  foundation. 

On  a  cylindrical  surface,  the  pressure  of  the  wind  is  two-thirds 
that  on  a  flat  surface  equal  to  the  projected  surface,  hence,  where 
30  lb.  per  square  foot  is  the  value  assigned  to  a  flat  surface  (the 
usual  value),  only  20  lb.  per  square  foot  of  projected  area  should 
be  used  for  a  cylindrical  surface.  Observations  indicate  that 
the  pressure  due  to  wind  does  not  greatly  exceed  this  value  for 
velocities  of  100  miles  per  hour  or  less. 

Granular  and  fragmental  materials  do  not  exert  a  pressure 
upward  nor  will  they  flow  upward  from  a  horizontal  orifice,  even 
though  that  orifice  be  under  a  considerable  head.  This  property 
is,  of  course,  distinctively  different  from  the  corresponding 
behavior  of  fluids. 

Because  of  the  friction  and  the  interlocking  action  of  the  par- 
ticles of  granular  and  fragmental  materials  and  the  friction  on 
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the  sides  of  the  bin,  the  weight  of  materials  in  deep  bins  is  largely 
borne  by  the  sides  of  the  bin  directly  and  does  not  come  upon  the 
bottom.  This  weight  is  supported  by  the  sides  as  actually  as  if 
a  portion  of  the  contents  were  in  a  box  and  placed  on  top  of  the 
structure.  When  the  depth  of  the  bin  is  about  2>£  times  the 
diameter  or  greater,  the  material  wedges 
or  arches  against  the  sides  so  that  the  weight 
of  the  contents  above  that  depth  is  carried 
almost  entirely  on  the  sides.  This  condition 
is  illustrated  diagrammatically  in  Fig.  183,  the 
lengths  of  the  arrows  roughly  indicating  the 
portion  of  the  weight  carried  to  the  bottom 
and  to  the  sides  respectively.  After  the  depth 
of  about  2}4  diameters  (this  height  depending 
upon  the  character  of  the  material  and  the 
nature  of  the  bin  wall),  the  addition  of  grain 
or  weight  on  the  grain  does  not  increase  either 
the  vertical  or  the  horizontal  pressure  at  the 
bottom  of  the  bin.  For  crushed  rock,  experi- 
ments by  the  author  indicate  that  this  arch- 
ing effect  occurs  at  about  1^  to  2  times  the 
lateral  dimension. 

Action  of  Materials  in  Shallow  Bins. — The  term  shallow  bin, 
as  used  in  the  present  discussion,  refers  to  a  bin  having  a  depth 
somewhat  less. than  the  width  so  that  the  plane  of  rupture  cuts 
the  free  surface  of  the  filling  inside  the  bin  wall  inclosure.  While 
many  refinements  are  sometimes  made  in  calculations,  it  is 
believed  that  the  following  simplified  theory  will  yield  results 
that  are  reasonable  and  conservative. 

In  the  ordinary  shallow  bins,  the  procedure  in  calculating  the 
forces  to  which  the  sides  are  subjected  is  similar  to  that  followed 
in  computing  the  pressure  on  a  retaining  wall.  Where  the  side 
walls  are  inclined,  either  wholly  or  in  part,  the  forces  acting 
on  the  inclined  portion  may  be  considered  as  the  resultant  of  the 
horizontal  pressures  on  its  vertical  projection  and  the  vertical 
load  on  its  horizontal  projection,  as  shown  in  Fig.  184.  The 
horizontal  unit  pressure  on  a  given  surface  may  be  obtained  from 

the  equation  for  conjugate  pressure,  p  =  \     Sm  %  wh,  in  which 

l  -f-  sm  q> 

w  is  the  weight  of  the  material  in  lbs.  per  cu.  ft.  and  d>  is 


Fig.  183.— Distri- 
bution of  pressure  in 
a  deep  grain  bin. 
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the  angle  of  internal  friction,  or  the  angle  of  repose.  Table 
XXVII  gives  values  of  w  and  <j>  for  various  materials. 

The  load  supported  by  the  bottom  of  the  bin  is  the  weight 

of  the  material  directly  above 
the  portion  of  the  bottom  con- 
sidered and  equals  the  load  on 
its  projected  area. 

Where  the  material  in  the  bin 
has  a  surcharge,  either  positive 
or  negative,  the  procedure  is  sim- 
(cO  ilar  to  that  for  the  corresponding 

cases  of  a  retaining  wall.  This 
condition  frequently  arises  from 
the  prevailing  methods  of  depos- 
iting materials  in  bins. 

Pressures  in  Deep  Bins. — The 
term  deep  bins  as  used  in  this 
connection  refers  to  bins  having 
a  depth  equal  to  or  greater  than 
(b)  the  diameter.  The  following  the- 

Fig.  184.— Distribution  of  pressures  oretical  analysis  of  pressures  due 
in  a  shallow  bin.  to  granular  materials  in  deep 

bins,  deduced  by  H.  A.  Janssen,1 
gives  a  general  formula  for  the  pressures,  the  essential  validity 


Table  XXVII. — Angle  of  Repose  and  Weight  of  Various  Materials 


Material 

<p  in  degrees 

Weight,  lbs.  per 
cu.  ft. 

35 

47-55 

Coal  slack  

37 

52-53 

Anthracite  

27 

52 

Coke  

45 

25-32 

34 

90-100 

40 

30-40 

45 

45 

37 

100-110 

37 

90-100 

Iron  ore  

40 

150-200 

38 

96-105 

1  Milo  S.  Ketchum,  "The  Design  of  Walls,  Bins  and  Grain  Elevators," 
p.  307. 


BINS  AND  CHIMNEYS 


375 


of  which  has  been  attested  to  by  the  results  of  numerous  experi- 
ments : 

Let  /  and  /'  =  the  coefficient  of  friction  between  the  particles 
or  grains,  and  between  the  grain  and  bin  wall 
respectively 
w  =  the  weight  per  cubic  foot  of  the  material 

V  =  the  vertical  pressure  at  any  point 
L  =  the  lateral  pressure  at  any  point 
k  =  L/V 

A  =  area  of  the  horizontal  cross  section  of  the  bin 
U  =  the  perimeter  of  the  bin  inside 
R  =  A/U 

Y  =  distance  from  top  surface  of  the  contents  to  the 

point  considered. 


Surface). 


I 

c 

:  

^; 
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Fig.  185. — Analysis  of  pressure  in  a  deep  bin. 


In  Fig.  185,  the  differential  volume  of  grain  of  thickness  dy 
(may  be  arched  instead  of  flat)  is  held  in  equilibrium  under  the 
forces  acting  upon  it.    That  is 

VA  -  (V  +  dV)A  +  Awdy  -  f'LUdy  =  0 

whence  dV  =  (w  —  f'^-^dy  =  (w  —  f~^^dy,  or 

dV 

w  -  f'-kV/R  V 

f'k 

Integrating,  log  (w  -  f'  kV/R)  =  —  ^  y  +  C. 
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When  y  =  0,  V  =  0,  and  hence  C  =  log  w. 

.     (w  -  f'-kV/R\  f'k 


w 

Solving  for  V,  V        =       ( 1  -  e~  *&) 

and  L  =  hV  =  j(l 

e  =  2.71828  and  logi0e  =  0.434294. 
Experiments  show  k  to  be  about  0.40  to  0.60  for  wheat,  rye  or 
flax,  and/'  for  these  grains  to  be  about  0.40  to  0.43  making/'-A; 
equal  to  0.20  to  0.25  as  an  average  figure.  Table  XXVIII  gives 
the  values  of  the  coefficient  of  friction  found  by  Wilfred  Airy. 
Figure  186  gives  values  of  the  lateral  pressure  for  wheat  according 
to  the  above  equation  for  various  diameters  of  bins. 


Table  XXVIII. — Coefficients  of  Friction  of  Various  Grains 


Kind 

Weight  of 
cubic  foot 

loosely 
filled  into 

measure 

Coefficient  of  friction 

Grain 
on  grain 

Grain 
on  rough 
board 

Grain 

on 
smooth 
board 

Grain 
on  iron 

Grain 

on 
cement 

Pounds 

Wheat.'  

49 

0.466 

0.412 

0.361 

0.414 

0.444 

Barley  

39 

.507 

.424 

.325 

.376 

.452 

Oats  

28 

.532 

.450 

.369 

.412 

.466 

Corn  

44 

.521 

.344 

.308 

.374 

.423 

Beans  

46 

.616 

.435 

.322 

.366 

.442 

Peas  

50 

.472 

.287 

.268 

.263 

.296 

Tares  

49 

.554 

.424 

.359 

.364 

.394 

Flaxseed  

41 

.456 

.407 

.308 

.339 

.414 

Example:  What  will  be  the  pressure  and  the  stresses  at  the  bottom 
in  the  Canadian  Pacific  R.  R.  elevator  listed  on  p.  385? 
R  =  (tt  x  152)  -f-  2r  X  15  =  7.5.    w  for  wheat  is  48  lbs.    Assume/  = 

0.4  and  K  -  0.5 

„     7.5  X  48/         z^ao  x_?p\ 

V  =  CI5X0.4V1  -  e       7'5  ) 
=  1,800  (l  lj)  =  1,640  lbs.  per  square  foot. 
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The  total  load  carried  on  the  bottom  is  1,640  X  3.14  X  152  = 
1,160,000  lbs.  The  total  weight  of  the  grain  in  the  bin  is  48  X  90  X 
152  X  3.14  =  3,060,000  lbs.  The  weight  carried  on  the  walls  is  3,060,- 
000  -  1,160,000  =  1,900,000  lbs. 


The  thickness  of  the  wall  is  9  in.  and  the  compression  area  is  369  X 
3.14  X  9  =  10,440  sq.  in.  The  compression  stress  is  therefore  1,900,000 
-i-  10,440  =  182  lbs.  per  square  inch. 

L  =  0.50 V  or  820  lbs.  per  square  foot. 

If  the  section  had  been  unreinforced,  the  tension  in  the  concrete  would 
be  820  X  30  2  X  9  X  12  =  115  lbs.  per  square  inch.  The  reinforce- 
ment actually  used  consisted  of  two  2  in.  by  }i  in.  bars,  or  1.0  sq.  in. 
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per  foot  of  height.  The  stress  in  the  steel  is  therefore,  assuming  the 
steel  to  take  the  entire  stress,  820  X  30  h-  2  =  12,300  lbs.  per  square  inch. 

Experimental  Investigation  of  Pressures. — Experiments  have 
been  conducted  by  numerous  observers  to  determine  the  behavior 
of  grain  in  bins,  both  for  full  size  and  for  model  size  bins,  the 
pressures  being  measured  by  placing  a  pressure  gage  of  some  sort 
in  the  sides  and  bottom.  Figure  187  shows  the  results  of  experi- 
ments by  Eckhardt  Lufft1  on  a  com- 
mercial size  bin  23  ft.  10 in.  in  diameter 
and  55  ft.  high,  the  diagram  giving 
the  observed  lateral  pressures.  Tests 
by  Milo  S.  Ketchum,  H.  T.  Bovey, 
J.  Pleissner,  Max  Tolz  and  by  the 
author  have  given  similar  results. 
The  following  conclusions,  drawn  by 
Professor  Ketchum,2  summarize  the 
behavior  of  grain  in  bins: 


Lateral  Pressure 
Lbs.  per  sq.'in- 
.0    12  3  4   5  6 


•  10 
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Fig.  187. — Observed  lateral 
pressures  of  wheat  in  a  bin. 


1.  The  lateral  pressure  is  less  than  the 
vertical  pressure  at  any  point,  the  ratio  be- 
tween the  two  depending  on  the  grain  and 
on  the  depth. 

2.  After  a  depth  of  about  2)4  or  3  diam- 
eters is  reached,  the  pressures  increase  very- 
little  with  additional  depth  due  to  the 
arching,  doming  or  wedging  action  of  the 
grain  against  the  sides  of  the  bin. 

3.  The  pressures  from  moving  grain  are  slightly  greater  than  for  grain  at 
rest,  about  5  to  10  per  cent  greater  according  to  Jamieson's  and  Bovey's 
experiments,  but  greater  than  this  according  to  the  experiments  of  others. 

4.  Pressures  are  greater  while  a  bin  is  being  filled  than  while  the  grain 
is  at  rest. 

5.  Pressures  on  the  side  opposite  a  side  discharge  gate  are  increased  due 
to  the  eccentricity  of  the  discharge.  Some  observers  state  that  eccentricity 
of  discharge  may  increase  the  pressure  opposite  the  gate  to  three  or  four 
times  the  static  pressure.  Experiments  by  the  author  gave  somewhat  less 
increase  than  this,  but  certain  failures  apparently  due  to  this  factor  indicate 
a  considerable  increase  due  to  eccentric  discharge. 

Cotton  seed  behaves  more  as  a  plastic  material  than  as  a 
granular  one.  Inasmuch  as  cotton  seed  is  commonly  stored  in 
shallow  bins,  the  pressures  vary  with  the  depth.    Figure  188 

1  Engineering  News,  vol.  52,  p.  531. 

2  Milo  S.  Ketchum,  The  Design  of "  Walls,  Bins  and  Grain  Elevators,"  p. 
351. 
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gives  the  results  of  tests1  to  determine  the  horizontal  pressure  in 
a  cotton  seed  bin.  Weight  of  the  seed  loose  was  22.4  lbs.  per 
cubic  foot,  packed,  33.6  lbs.  per  cubic  foot.  Angle  of  repose 
was  38°  40'.  These  tests  were  made  in  a  full  size  bin  so  that 
wall  friction  did  not  affect  the  results. 

Stresses  in  Clustered  Bins. — Thus  far,  the  discussion  of 
stresses  in  bins  has  been  with  reference  to  bins  built  in  single 
units,  but  it  is  customary  to  construct  the  bins  of  a  large  grain 
storage  plant  in  clusters.    In  such  clusters,  where  the  individual 
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Head  in  Fee+ 

-Observed  lateral  pressure  of  cotton  seed  in  a  bin. 


bins  are  circular  in  plan,  it  is  customary  to  use  not  only  the  annu- 
lar space  inside  the  bins,  but  the  irregular  interspaces  are  used 
for  storage  as  well.  This  latter  situation  introduces  stresses  of 
quite  a  different  character  from  those  induced  by  grain  inside 
the  bins.  That  is,  the  lateral  pressure  on  the  outside  of  the 
circular  bin  in  the  interspace  will  cause  a  moment  in  the  annulus 
of  the  circular  bin  if  the  latter  is  empty  so  that  no  counterpressure 
exists.  The  most  severe  condition  would  occur  when  one  inter- 
space bin  is  filled  and  the  surrounding  bins  are  empty. 

Bins  are  usually  built  tangent  to  each  other  but  are  sometimes 
spread  in  order  more  nearly  to  equalize  the  capacities  of  the 
main  and  interspace  bins  and  also  the  pressures  exerted.  In 
calculating  the  pressures  by  Janssen's  equation,  the  value  of  the 
mean  depth,  A/U,  must  be  calculated.  See  Fig.  189.  Where 
the  bins  are  of  the  same  size,  the  area  of  the  square  is  D2,  D  be- 
ing the  diameter  of  the  bin;  the  area  of  the  four  quadrants  is 

1  Engineering  News,  Nov.  18,  1915. 
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3.14D 2/4;  hence  the  area  of  the  interspace  is  0.215D2.  The  length 
of  the  perimeter  to  the  point  of  tangency  is  3.14D,  and  to  the 
point  of  practical  juncture,  is  about  2.44D;  hence,  A/U  = 
0.215D2/2.44D  or  0.088D.  For  the  space  at  the  side  between 
the  bins  and  the  tangent  side  wall,  the  area  of  the  rectangle  is 
D2/2  and  of  the  quadrant,  3.14D2/8.  Subtracting,  the  area  of  the 
interspace  is  0.107D2.    The  actual  perimeter  is  3.14D  +  D  = 


Fig.  189.  Fig.  190. 

Fig.  189. — Area  of  an  interspace  bin. 
Fig.  190. — Moments  due  to  grain  in  an  interspace  bin. 


2.57D.  The  practical  perimeter  is  about  2.00D,  making  A/U 
equal  to  0.050D. 

In  the  Canadian  Pacific  elevator  mentioned  above,  R  would 
be  0.088D  =  0.088  X  30  =  2.64  ft. 

0  fU  V  18/  0.20  X  90\  /  1  x 

v  -  toIO  -  <- T) =  634  0  -    -  630  lbs- 

L  =  kV  =  0.5  X  630  =  315  lbs.  per  sq.  ft. 

The  actual  distribution  of  pressure  over  the  arc  is  uncertain, 
Fig.  190,  but  it  is  probably  not  far  wrong  to  assume  the  pressure 
equally  distributed  over  a  fifth  of  the  circumference.  With  this 
assumption,  the  moments  in  the  ring  are  found  as  follows: 

When  the  bins  are  merely  tangent  to  each  other  with  a  light 
plain  concrete  filler  or  a  pedestal  at  the  junction  and  are  not 
rigidly  attached,  the  moments  may  be  found  as  in  the  case  of  a 
thin  pipe,  p.  358.  In  Fig.  190,  let  p  be  the  external  pressure  on 
the  arc  in  lbs.  per  square  foot.  It  is  assumed  that  the  tangents 
to  the  circle  at  A  and  B  do  not  change  direction,  an  assumption 
that  is  exactly  true  for  B  and  approximately  true  for  A,  since  the 
loads  and  reactions  are  symmetrical. 
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According  to  the  principles  of  stresses  in  rings,  p.  358, 

r»B  rB 
I  Mr    =  0,  or  since  r  is  practically  constant,  I  M  =  0.  (1) 
J  a  J  a 

MAC  =  0.588pr2(l  -  cos  tf>)  -  MA 

MCB  =  0.588pr2(l  -  cos  4>)  -  fpr2(cos  54°  -  cos  c/>)2  -  MA 
Substituting  in  (1)  and  simplifying,  MA  =  0.15  pr2,  and 
MB    =  0.588pr2  -  0.15pr2  -  0.588pr2/2  =  0.144pr2. 

Where  the  bins  are  rigidly  attached,  the  stresses  due  to  pres- 
sures resulting  from  grain  in  the  interspace  bin  are  indeterminate 
unless  the  degree  of  fixity  at  the  points  of  contact  is  known,  and 
even  then  it  is  not  entirely  determinate.  If  the  arc  subjected  to 
the  pressure  of  the  grain  is  assumed  to  be  essentially  fixed  at  the 
points  of  contact  and  the  pressure  assumed  as  equally  distrib- 
uted over  the  arc,  the  pressure  would  be  calculated  as  in  an 
arch  dam,  viz.  by  the  formula,  &  =  pr/T,  T  being  the  thickness 
of  the  bin  wall.  Thus  in  the  Canadian  Pacific  elevator,  on  this 
basis,  the  stress  would  be  (315  X  15)  f  (9  X  12)  =  26  lbs.  per 
square  inch.  Obviously  the  stress  where  the  bins  are  rigidly 
anchored  to  each  other  would  be  small  in  any  case.  Had  the 
bins  not  been  rigidly  anchored  to  each  other,  there  would  have 
been  a  moment  of  0.15  pr2,  or  0.15  X  315  X  152  X  12  =  127,600 
lb.  in.,  which  would  have  caused  the  stresses  to  exceed  the  allow- 
able stresses.  From  this  example,  the  advantage  of  rigidly 
anchoring  the  bins  together  becomes  apparent. 

An  interesting  failure  of  a  reinforced  concrete  wheat  bin  due 
to  improper  design  for  pressures  when  the  interspace  bins  were 
filled  occurred  at  the  Peavy  elevator  at  Duluth  in  1900. 1  The 
bins  were  104  ft.  high  and  333^  ft.  in  diameter.  The  walls  were 
12  in.  thick  reinforced  with  1%  by  %-in.  bars  12  in.  on  centers. 
One  of  the  interspace  bins  had  been  filled  with  wheat  nearly  to 
the  top  when  the  walls  of  two  of  the  circular  bins  were  forced 
in  at  the  points  corresponding  to  B,  Fig.  190,  and  were  broken 
outward  at  the  point  corresponding  to  A.  The  bins  were  not 
anchored  to  each  other  but  were  connected  by  a  straight  wall 
6  ft.  long  and  12  in.  thick.  Stresses  calculated  as  indicated  above 
exceeded  the  strength  of  the  materials  and  failure  should  reason- 
ably have  been  expected. 

1  Engineering  News,  Dec.  27,  1900. 
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It  is  exceedingly  important  to  have  an  unyielding  foundation 
where  bins  are  built  in  clusters  lest  the  settlement  of  the  bins  be 
uneven  and  a  rupture  occur  between  the  cells.  To  accomplish 
this,  the  entire  cluster  is  frequently  placed  on  a  reinforced  con- 
crete mat.  Where  a  uniform  foundation  can  not  be  obtained, 
it  is  preferable  to  build  the  bins  as  separate  units. 


/&j  tttttftMt  t~^T 
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Fig.  191. — Moments  in  a  rectangular  bin. 


Stresses  in  Rectangular  Bins. — In  a  manner  similar  to  that 
employed  in  the  case  of  culverts,  (p.  361),  the  moment  at  the 
middle  of  the  sides  can  be  determined  for  a  rectangular  bin  sub- 
jected to  internal  pressure.  It  is  assumed  that  the  corners  are 
rigidly  reinforced  sufficient  to  transmit  negative  moment  from 
one  side  to  the  other. 

Since  the  frame  is  rigid,  Eq.  (6)  p.  361  applies,  and  the  pro- 
cedure is  exactly  the  same  as  for  a  rectangular  culvert,  except 
that  the  pressure  is  internal  instead  of  external  and  the  unit 
pressures  on  the  two  sides  are  equal.  The  moment  at  the  middle 
of  the  side  is,  therefore,  the  sum  of  the  moments  for  Cases  I  and 
II,  or 


BINS  AND  CHIMNEYS 


383 


_  _      pa?  (B  +  2>S\  _       (    S  \ 
Ma-2i\R  +  s)      12  \R  +  SJ 
p/a*R  +  da*S  -  2b*S\ 
~~24\         R  +  S  ) 

where  R  =  a/b  and  S  =  I J  lb.    In  a  square  bin,  R  and  S  each 
equals  1,  hence,  for  a  square  bin, 

Ma  =  ^~r,  and  the  negative  moment  at  the  corners  equals 

-  pa2/S  +  pay '24  =  -pa2/12. 

Where  rectangular  bins  are  built  in  clusters  and  the  corners 
rigidly  reinforced,  the  moments  may  be  reversed  from  those  in 
the  case  above  considered,  the  condition  of  maximum  moment 
being  when  the  bin  under  consideration  is  empty  and  all  the 
surrounding  bins  are  full.  The  stresses  will  be  somewhat  less 
than  the  above  method  would  give,  but  being  statically  indeter- 
minate, a  solution  will  not  be  offered  here.  They  may  be 
determined  by  principles  of  least  work  or  by  the  slope  deflection 
method.1 

General  Dimensions  of  Bins. — So  far  as  the  character  of  the 
stresses  encountered  are  concerned,  circular  bins  are  the  most 
satisfactory,  since  bending  moments  in  the  sides  are  very  largely 
eliminated,  but  they  are  not  so  conveniently  constructed  as  are 
rectangular  bins,  nor  are  they  so  economical  of  space.  However, 
because  of  the  adaptability  of  the  circular  bin  to  the  nature  of 
the  stresses  encountered,  this  type  has  been  growing  in  favor. 
Bins  rectangular  in  cross  section  are  usually  square  rather  than 
oblong. 

The  relation  between  the  height  and  the  diameter  of  a  grain 
storage  bin  to  give  maximum  economy  cannot  be  determined 
analytically.  The  criterion  of  economy  is  the  minimum  cost 
per  bushel  for  storage  of  the  grain.  The  factors  entering  into 
the  cost  of  storage  so  far  as  they  might  be  affected  by  the  dimen- 
sions of  the  bins  are: 

A.  Fixed  charges: 

1.  Cost  of  real  estate  occupied; 

2.  Cost  of  construction  of  bins; 

B.  Operating  charges: 

1.  Maintenance; 

2.  Elevating  and  handling  the  grain. 

The  cost  of  the  land  occupied  will  vary  directly  with  the  area 
1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bulls.  107  and  108. 
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or  with  the  diameter  of  the  bins  and  inversely  with  the  height 
for  a  given  capacity.  For  a  cluster  of  bins  where  the  interspace 
bins  are  used,  the  capacity  for  a  given  floor  area  will  be  about 
constant  regardless  of  the  relation  between  height  and  diameter. 
For  practical  considerations  in  convenience  of  construction,  a 
7-in.  wall  is  about  a  minimum  thickness  for  circular  bins,  and  a 
wall  of  this  thickness  will  suffice,  if  properly  reinforced,  for  any 
height  up  to  160  ft.  for  bins  of  practical  diameters,  it  being 
assumed  that  where  the  interspace  bins  are  used,  the  bins  are 
rigidly  anchored  to  each  other  at  the  points  of  juncture.  The 
total  weight  of  reinforcing  in  the  walls  varies  approximately 
with  the  square  of  the  diameter.  A  practical  average  relation 
is  to  make  the  height  5  to  6  times  the  diameter  of  grain  storage 
bins.  Table  XXIX  gives  the  essential  dimensions  of  a  number 
of  bins  for  storage  of  grain. 

Cement  bins  are  rarely  built  higher  than  50  or  60  ft.,  on  account 
of  the  weight  of  the  contents,  which  makes  the  securing  of  a 
satisfactory  foundation  difficult.  The  cement  bins  of  the 
Universal  Portland  Cement  Co.  at  Duluth,  Minn,  are  33  ft.  in 
diameter  and  50  ft.  high  each  having  a  capacity  of  10,300  bbl. 
while  the  interspace  bins  have  a  capacity  of  2,200  bbl.  each. 
The  bin  walls  are  9  in.  thick  except  where  they  join,  being  12  in. 
thick  at  these  points,  and  the  intermediate  space  filled  5  ft.  on 
either  side  of  the  point  of  tangency.  These  bins  were  designed 
for  an  internal  pressure  of  25  lbs.  per  square  foot.  Cement  bins 
are  liable  to  severe  strains  due  to  "sweeps"  or  " slips"  of  the 
contents  when  perhaps  a  considerable  fraction  of  the  contents 
slides  with  great  force  against  the  sides.  Tests  made  under  the 
author's  direction  indicate  that  the  pressures  resulting  from 
these  sweeps  may  be  two  to  three  times  the  static  pressures.  In 
these  experiments,  sand,  wheat  and  cement  were  used.  The 
dynamic  pressure  apparently  varies  with  the  height  of  descent, 
amounting  to  about  2  to  2%  times  the  static  pressure  when  the 
height  of  descent  was  approximately  equal  to  the  width  of  the  bin. 

Details  of  Reinforcement. — In  single  bins,  and  in  clustered 
bins  where  the  adjacent  bins  are  anchored  rigidly  together,  the 
circumferential  reinforcement  may  be  placed  in  the  middle  of  the 
wall  because  the  stresses  to  be  sustained  are  practically  pure 
tension  from  the  grain  in  the  circular  bin  or  pure  compression 
from  the  grain  in  the  interspace  bin.  Where  clustered  bins  are 
not  rigidly  attached  to  each  other  but  are  connected  by  a  short 
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wall,  the  reinforcement  should  consist  of  circumferential  rods 
or  bands  placed  both  near  the  outside  of  the  wall  and  near  the 
inside  in  order  to  withstand  the  moments  induced  by  grain  in 
the  interspace  bins. 

The  stresses  in  the  sides  due  to  vertical  weight  are  not  large, 
hence  very  little  or  no  vertical  reinforcement  is  required  to 
sustain  the  load.  A  few  large  vertical  rods  inch)  need  to 
be  placed  in  the  wall  to  which  the  jacks  may  be  applied  for  rais- 
ing the  forms  during  construction,  inasmuch  as  nearly  all  bins 
are  constructed  by  means  of  sliding  forms.  Also,  since  the  struc- 
ture is  free  to  expand,  a  minimum  amount  of  longitudinal  steel 
will  take  care  of  any  temperature  stresses. 

Where  one  wall  joins  another,  whether  straight  or  curved,  care 
-should  be  exercised  to  form  a  firm  junction  by  hooking  the  rein- 
forcement of  the  abutting  wall  over  that  of  the  continuous  wall, 
or  if  at  a  corner,  by  properly  lapping  the  reinforcing  rods.  Un- 
less this  precaution  is  taken,  the  junction  may  be  ruptured  by 
the  pressure  of  the  grain.  One  such  failure  due  to  insufficient 
reinforcement  at  the  junction  came  to  the  author's  observation, 
where  a  straight  outside  wall  was  tangent  to  two  bins  and  the 
bonding  reinforcement  was  lacking.  The  excess  pressure  against 
the  outside  wall  was  doubtless  due  to  a  discharge  gate  in  the 
short  wall  opposite,  the  outside  tangent  wall  pulling  away  from 
the  circular  bins. 

Foundation  Base. — Usually  a  cluster  of  grain  bins  is  placed 
on  a  solid  reinforced  concrete  mat  or  slab  which  serves  to  prevent 
uneven  settlement  and  to  bind  the  entire  cluster  together  into 
one  unit.  This  mat  or  base  must  be  designed  to  sustain  the 
reaction  of  the  foundation  when  only  such  a  portion  of  the  bins 
are  filled  as  will  produce  maximum  moment.  Two  cases  arise 
for  consideration  one  of  which  may  produce  maximum  negative 
moment  and  the  other  maximum  positive  moment.  (1)  When  a 
certain  portion  of  the  bins  at  the  middle  of  the  mat  are  filled 
and  the  ends  of  the  mat  act  as  a  cantilever,  Fig.  192  (a),  the 
maximum  negative  moment  occurs,  and  (2)  when  a  certain 
portion  of  the  bins  at  the  ends  are  filled  and  those  in  the  middle 
are  empty,  the  maximum  positive  moment  occurs,  Fig.  192  (b). 

In  case  (1),  if  the  live  or  grain  load  per  foot  of  length  is  w  when 
the  bins  are  filled,  and  x  is  the  length  of  the  portion  of  filled  bins, 
the  total  load  on  the  slab  is  wx,  the  reaction  per  foot  of  length  is 
wx/L,  and  the  moment  in  the  cantilever  is 
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M  =  — 


2  L\  2 

1  w, 


dM/dx  ^(L2  -  4Lz  +  3a;2) 

Equating  to  zero  and  solving  for  a;,  #  =  L/3  for  the  maximum 
negative  moment.  The  value  of  this  maximum  negative 
moment  is  —  mL2/54. 


,..L  

Cb) 

Fig.  192. — Moments  in  slab  under  a  bin  cluster. 

In  case  (2),  the  reaction  per  foot  is  2wx/L,  and  the  moment, 
considering  the  slab  as  partially  restrained, 


1  2wx 


(L  -  2x)' 


Differentiating,  equating  to  zero  and  solving,  x  =  L/6  and 
the  value  of  this  maximum  positive  moment  is  4u<L2/270.  The 
negative  moment,  —  wL2/54,  will  determine  the  maximum  amount 
of  steel  in  the  bottom  of  the  slab  and  the  positive  moment 
4wL2 /270  will  determine  the  amount  of  steel  at  the  middle  of  the 
top  of  the  slab.  The  moment  at  any  other  section  of  the  slab 
may  be  calculated  in  a  similar  manner,  determining  the  condi- 
tion of  maximum  severity  for  that  section  by  loading  succes- 
sive rows  of  bins.  This  procedure  must  be  followed  for  both 
the  length  and  the  width  of  the  slab,  resulting  in  a  recticulate 
mesh  of  steel  in  both  the  top  and  the  bottom  of  the  slab. 

In  the  Canadian  Pacific  Elevator  at  Winnipeg  (Transcona),  a 
12-in.  slab  forms  the  bottom  of  the  bins  beneath  which  there  are 
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conveyor  tunnels  7  ft.  high,  separated  by  walls  16  in.  thick. 
Under  these  there  is  a  2-ft.  reinforced  mat  of  concrete.  In 
1915,  the  foundation  gave  way1  at  one  side  allowing  the  entire 
structure  to  tilt  to  an  angle  of  26°  53'  with  the  vertical,  but  the 
mat  held  the  bin  so  that  the  entire  cluster  could  be  righted  by 
means  of  jacks  without  serious  loss. 

Examples  of  Bins— The  grain  elevator  at  Girard  Point,  Pa.,2 
capacity  1,000,000  bushels,  is  a  good  illustration  of  circular 


Fig.  193. — Section  through  Girard  Point  grain  elevator. 


concrete  grain  bins.  Figure  193  shows  a  longitudinal  section 
through  the  storage  bins,  the  working  house  and  the  track- 
shed. 

To  the  east  of  the  working  house  and  connected  to  it  by  a 
concrete  tunnel  and  bridge  is  a  storage  annex  consisting  of 
fifty-four  13,000-bu.  reinforced-concrete  circular  tanks  with  a 
basement  and  cupola.  The  tanks  rest  on  a  4-ft.  concrete  mat- 
tress laid  over  a  pier  foundation.  In  the  basement  are  three  36- 
in.  shipping-conveyor  belts,  draw-off  spouts  and  belt  loaders  for 
each  tank  and  interspace.  The  circular  storage  tanks  are  15  ft. 
inside  diameter,  96  ft.  high  and  have  7-in.  walls.  The  forty 
interspaces  have  a  capacity  of  about  3,300  bu.  each.  Over  the 
tanks  is  a  concrete  floor  for  the  82  by  144-ft.  cupola,  in  which  are 
placed  the  storage  belt  conveyors,  each  provided  with  a  two- 
pulley  self-propelling,  double-discharge  tripper. 

1  Trans.  Am.  Soc.  C.  E.,  vol.  80,  p.  799. 

2  Engineering  Record,  Jan.  10,  1914. 
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Foundations  for  all  buildings  were  waterproofed  by  the 
membrane  method  by  applying  six  plies  of  waterproof  felt 
cemented  together  with  pitch  compound.  The  waterproofing 
was  laid  on  a  9-in.  slab  of  concrete  deposited  on  top  of  the  piles, 
between  which  earth  was  tamped  even  with  their  cutoff  tops. 
The  waterproof  membrane  was  brought  out  beyond  the  area  of 
the  concrete  slab  a  sufficient  amount  to  allow  for  joining  into  the 
walls.  As  soon  as  the  waterproof  membrane  was  laid  a  protec- 
tion layer  of  cement  mortar  3^  in.  thick  was  placed  on  top.  For 
the  outside  walls  a  4-in.  brick  wall,  laid  in  cement,  was  placed  and 
capped  with  steel  angles  bolted  to  the  concrete  walls  after  the 
waterproof  contractor  had  finished  his  work,  which,  according  to 
specifications,  was  to  be  guaranteed  for  a  period  of  ten  years. 

Under  the  foundation  are  6,000  timber  piles,  65  ft.  long,  driven 
to  a  gravel  stratum  on  2  ft.  3-in.  centers  both  ways,  with  the 
exception  that  under  the .  trackshed  they  are  driven  on  5-ft. 
centers.  Tests  were  made  on  these  piles,  which  were  designed  to 
carry  15  tons  each,  by  loading  three  sets  of  four  with  pig  iron 
up  to  60  tons  each.  The  settlement  was  only  a  fraction  of  an 
inch,  although  the  loads  were  left  in  place  several  months. 

The  circular  storage  tanks  rest  on  four  concrete  piers,  2%  ft. 
thick  and  8  ft.  high,  placed  in  rectangular  positions  on  the  con- 
crete mattress.  These  piers  are  in  rows  at  right  angles,  hx/i  ft. 
long  in  one  direction  and  8  ft.  in  the  other.  This  permits  space 
for  the  hoppers  at  the  bottoms,  which  are  laid  on  a  slope  of  10 
to  12,  with  a  2-in.  thickness  of  concrete  over  a  filling  of  sand  or 
cinders  in  which  a  small  amount  of  cement  is  used. 

The  contact  point  between  bins  is  12  in.  thick  and  extends  3 
ft.  either  way  from  the  tangent  point.  Steel  hoop  bands,  vary- 
ing from  1%  by  %  in.  at  the  bottom  to  1  by  1^  in.  at  the  top, 
are  laid  12  in.  center  to  center  vertically  in  the  center  of  the  wall 
in  two  lengths,  so  as  to  have  a  lap  of  3^  ft.  Four  1-in.  round 
vertical  rods  are  provided  for  each  tank  on  which  the  hollow 
screwjacks  raised  the  moving  forms  and  platforms.  Eight 
other  vertical  rods  were  also  provided  for  the  purpose  of  rein- 
forcing the  walls. 

A  sand  bin  holding  8,200  cu.  ft.,  built  by  the  United  Railways 
of  St.  Louis1  is  shown  in  Fig.  194. 

In  the  design  of  the  bin  a  fluid  pressure  at  100  lb.  per  cu.  ft. 
was  used  in  computing  the  side  and  bottom  reinforcement.  The 

1  Engineering  Record,  Mar.  16,  1912. 
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circular  beam  between  the  posts  at  the  bottom  of  the  bin  was 
designed  to  hold  four-tenths  of  the  total  sand  load,  but  the 
conical  bottom  was  designed  for  full  load.  The  vertical  side 
walls  of  the  bin  are  7  in.  thick,  and  the  ring  reinforcement 
increases  from  %-in.  square  bars  12  in.  on  centers  at  the  top  to 
%-in.  square  bars  Q}4  in-  on  centers  at  the  bottom.  Vertical 
temperature  rods  are  l^-in.  square  bars  18  in.  apart.  The 


Fig.  194. — A  reinforced  concrete  sand  bin. 


conical  bottom  is  9  in.  thick  with  ring  reinforcement  varying 
from  %-in.  square  bars  in.  apart  to  %-in.  bars  9  in.  apart. 
The  radial  reinforcement  in  the  bottom  consists  of  one  hundred 
and  twenty  %-in.  square  bars,  thirty  of  which  run  to  the  opening 
at  the  bottom,  while  the  others  stop  at  the  }i,  }^  and  %  points. 
The  circular  beam  is  reinforced  with  eleven  1-in.  square  bars, 
seven  of  which  are  at  the  bottom.  The  roof  was  made  9  in. 
thick  with  reinforcement  running  both  ways.  The  columns  are 
24  in.  thick  with  24-in.  square  hoops  12  in.  apart  and  eight  %-in. 
square  vertical  bars;  the  opposite  center  bars  are  tied  together 
with  No.  12  wire  and  all  vertical  bars  are  embedded  about  40 
diameters  in  the  circular  beam  and  also  in  the  ring  foundations. 

Silos. — Silage,  or  ensilage,  consists  of  chopped  green  corn 
fodder,  or  other  green  forage  crops  which  are  placed  in  a  silo  for 
preservation  in  a  relatively  green  condition.  The  process  is 
comparable  to  the  canning  of  green  vegetables;    Silage  is  chopped 
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into  bits  about  an  inch  long  and  blown  into  the  silo  where  it  is 
compacted  by  tamping  thereby  forcing  out  the  air.  A  thin 
layer  of  the  contents  at  the  top  decomposes  but  this  layer  forms 
a  seal  for  the  remainder. 

Silos  are  almost  universally  circular  in  plan  and  are  commonly 
built  of  tile,  concrete  blocks,  staves,  or  of  reinforced  concrete, 
and  they  should  be  water  and  vermin  proof  and  as  nearly  air 
tight  as  practicable.  The  stresses  in  a  silo  can  be  calculated  by 
the  principles  already  explained.  Silage  weighs  about  33  lbs. 
per  cubic  foot  and  exerts  a  lateral  pressure  of  about  0.33  of  the 


Fig.  195. — Reinforced  concrete  twin  silos. 


vertical  pressure  at  any  point.  Experiments  by  Professor  F.  H. 
King  at  the  University  of  Wisconsin  showed  a  lateral  pressure 
of  11  lbs.  per  foot  of  depth. 

The  silo  should  be  smooth  on  the  inside  so  that  the  silage 
will  settle  uniformly  and  not  leave  air  pockets  along  the  walls. 
The  walls  should  prevent  the  silage  from  freezing  as  much  as 
possible  because  frozen  silage  quickly  decomposes  and  may  injure 
the  stock  that  eats  it.  The  silo  should  be  set  about  3%  to  5  ft. 
in  the  ground  to  insure  getting  it  below  frost  line,  and  the  foun- 
dation should  be  thoroughly  drained  in  order  that  water  may  not 
enter  the  bottom  of  the  tank.  A  continuous,  or  an  intermittent 
door  is  placed  in  one  side  of  the  silo  and  a  chute  placed  along  this 
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opening  from  bottom  to  top  into  which  the  silage  is  thrown  as 
it  is  removed  from  the  tank.  Figure  195  shows  twin  silos  with  a 
well  lighted  chute  between  the  two  units. 

Where  an  intermittent  door  is  used,  the  rods  passing  through 
the  ties  between  the  openings  will  be  sufficient  to  give  the  neces- 
sary tensile  strength  to  prevent  bursting  or  spreading  of  the 
door.  However,  where  a  continuous  door  is  used  it  is  essential 
that  heavy  rods  be  used  to  tie  the  two  sides  of  the  opening  to- 
gether. These  should  be  attached  firmly  to  the  reinforcing  steel 
of  the  sides  of  the  silo  either  by  hooking  around  the  vertical 
rods  at  each  side  of  the  door  or  by  proper  embedment.  They 
should  not  be  closer  than  about  2  ft.  apart  to  avoid  undue 
restricting  of  the  doorway. 

Table  XXX1  gives  the  spacing  of  reinforcement  for  average 
silos.  A  small  amount  of  vertical  reinforcing  is  required  to 
which  the  circumferential  bars  may  be  attached.  This  will 
consist  of  bars  spaced  about  30  in.  apart. 


Table  XXX. — Spacing  of  Horizontal  Reinforcing  Bars  for  Silos  of 
Various  Inside  Diameters 


8  Ft. 

10  Ft. 

12  Ft. 

14  Ft. 

16  Ft. 

18  Ft. 

20  Ft. 

Distance  in 

diameter 

diameter 

diameter 

diameter 

diameter 

diameter 

diameter 

feet  down 

from  top 

of  silo 

K  Inch 

M  Inch 

%  Inch 

H  Inch 

H  Inch 

y2  Inch 

H  Inch 

bars 

bars 

bars 

bars 

bars 

bars 

bars 

Top  to  5  ft... . 

24  in. 

24  in. 

24     in.  ' 

24  in. 

24  in. 

24  in. 

24  in. 

5  ft.  to  10  ft. 

15J^  in. 

12  in. 

24  in. 

24  in. 

24  in. 

24  in. 

24  in. 

10  ft.  to  15  ft. 

10H  in. 

in. 

16  in. 

24  in. 

20  in. 

19  in. 

17  in. 

15  ft.  to  20  ft. 

7H  in. 

in. 

12  in. 

18  in. 

16  in. 

14  in. 

12  in. 

20  ft.  to  25  ft. 

6  in. 

5  in. 

9H  in. 

14  in. 

12H  in. 

11  in. 

10  in. 

25  ft.  to  30  ft. 

5  in. 

4  in. 

8  in. 

12  in. 

10)i  in. 

9H  in. 

SH  in. 

30  ft.  to  35  ft. 

ZH  in. 

7  in. 

\0H  in. 

9  in. 

8  in. 

7H  in- 

35  ft.  to  40  ft. 

3  in. 

6  in. 

9  in. 

8  in. 

7  in. 

6M  in. 

40  ft.  to  45  ft. 

5  in. 

8  in. 

7  in. 

6  in. 

5M  in. 

45  ft.  to  50  ft. 

4H  in. 

7  in. 

6H  in. 

5}4  in. 

5  in. 

In  determining  the  size  of  a  silo  required,  the  following  may 
be  considered  as  the  average  daily  ration  for  stock:  Dairy  cattle 
30  to  50  lbs.  per  head;  fattening  beef  cattle  20  to  30  lbs.;  sheep, 
3  to  5  lbs. 

Chimneys 


General  Considerations. — The  term  chimney  is  commonly 
used  to  refer  to  a  masonry  structure  and  stack  to  mean  a  steel 
1  Portland  Cement  Assn.,  Bull.  71. 
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structure  designed  to  serve  as  a  flue  to  eliminate  furnace  gases. 
However,  the  two  terms  are  used  interchangeably  by  many. 

A  chimney  is  constructed  to  a  considerable  height  in  order  to 
create  draft  for  the  furnace  and  in  order  also  to  deliver  the  gases 
at  a  height  which  will  prevent  nuisance.  Because  of  the  height 
and  the  small  base,  the  design  of  a  masonry  chimney  presents 
some  peculiar  problems.  In  the  present  discussion,  no  attempt 
will  be  made  to  discuss  the  arrangement  of  the  flue,  the  height 
required  to  produce  a  certain  draft,  the  diameter  necessary  for 
a  desired  velocity  of  gases,  nor  any  of  the  other  functional  require- 
ments, the  structural  features  only  being  considered.  For  a 
discussion  of  the  functional  design  of  a  chimney,  the  reader  is 
referred  to  Steam  Power  Plant  Engineering  by  G.  F.  Gebhardt, 
p.  279  ff*.  It  may  be  stated,  however,  that  almost  any  desired 
draft  can  be  obtained  by  various  combinations  of  height  and 
diameter,  and  care  should  be  exercised  to  secure  the  most  econom- 
ical proportions,  taking  into  account  the  greater  unit  costs  at 
the  greater  heights. 

Forces  Acting  on  a  Chimney.— The  chief  forces,  in  addition 
to  gravity  and  foundation  reaction,  which  affect  the  design  of  a 
chimney  are  wind  pressures  and  temperature  effects.  Wind 
pressure  has  been  shown  by  experiments  to  vary  with  the  square 
of  the  velocity,  or  equal  to  kV2,  where  V  is  the  velocity  in  miles 
per  hour  and  k  a  coefficient,  equal  to  about  0.003,  the  pressure 
being  in  pounds  per  square  foot  on  a  flat  area.  The  pressure 
on  cylindrical  surfaces  is  by  mechanics  equal  to  two-thirds  that 
on  a  flat  surface  and  on  a  cylindrical  chimney  may  be  taken  as 
0.00272,  or  about  20  lbs.  per  square  foot  for  a  wind  of  100  miles 
per  hour,  which  would  be  a  maximum  condition.  Chimneys 
designed  for  this  figure  have  withstood  the  most  severe  gales. 

The  heat  of  the  gases  within  a  chimney  cause  an  extreme  of 
temperature  variation  in  the  chimney  walls,  and  where  materi- 
als are  of  such  a  nature  as  to  be  damaged  by  expansion  and  con- 
traction, precautions  must  be  taken  to  obviate  such  damage. 
The  flue  gases  escaping  from  a  chimney  at  a  well  designed  plant, 
usually  have  a  temperature  of  about  500°  to  700°  F.,  being  hotter 
at  the  breeching  and  cooler  at  the  top  with  the  temperature 
dropping  about  40°  per  100  ft.  of  height  in  masonry  chimneys. 

Chimneys  are  either  of  single  or  double  shell  construction, 
the  latter  being  the  more  common.  The  inner  shell  or  lining  con- 
sists of  a  fire-brick  wall  built  separately  from  the  outer  shell  and 
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extending  through  part  or  the  whole  of  the  height.  The  space 
between  the  two  shells  is  to  prevent  the  extreme  range  of  tem- 
perature being  effective  in  the  outer  shell. 

The  actual  difference  in  temperature  between  the  inner  and 
the  outer  surface  of  a  chimney  wall  depends  upon  (a)  the  differ- 
ence in  temperature  between  the  gases  and  the  surrounding  air, 
(b)  the  coefficient  of  thermal  absorption  of  the  surface  of  the 
chimney  material,  (c)  the  coefficient  of  thermal  conductivity  of 
the  chimney  material,  and  (d)  the  coefficient  of  emissivity  or 
radiation  from  the  outer  surface. 


JlueGas  

Temperature 


Ajr_  

Temperature 


Fig.  196. — Temperature  drop  in  a  chimney  wall. 

The  character  of  the  temperature  drop  is  indicated  in  Fig.  196. 
Of  the  total  drop  in  temperature,  a  considerable  proportion 
occurs  at  the  inner  and  the  outer  surfaces.    The  actual  drop  in 

Tx  -  T2 


temperature  through  the  wall,  or  the  thermal  gradient, 


t 


is  the  factor  which  affects  the  structural  design  of  the  chimney, 
Ti  and  T2  being  the  temperatures  of  the  chimney  surfaces.  The 
radiation  of  the  outer  surface  varies  as  the  fourth  power  of  the 
temperature,  hence,  the  actual  difference  in  the  inside  and  the 
outside  of  the  masonry  is  not  so  great  as  is  sometimes  supposed. 
Unfortunately,  however,  no  exact  information  is  available  as  to 
the  actual  variation  in  temperature  of  the  two  sides  of  the  wall. 

Although  the  actual  difference  in  temperature  of  the  outside 
and  the  inside  of  the  chimney  wall  may  be  considerably  less  than 
the  difference  in  the  temperature  of  the  gases  and  of  air  outside, 
the  fact  remains  that  there  will  always  be  a  difference  in  these 
temperatures  because  masonry  is  a  poor  conductor  of  heat 
relatively  and  has  a  fairly  high  rate  of  emissivity  at  the  outside. 
The  effect  is,  of  course,  that  the  chimney  cracks  on  the  cool  side 
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because  of  the  tension  induced  by  the  expansion  of  the  hotter 
side,  unless  reinforcing  is  placed  in  the  wall  of  sufficient  amount 
to  prevent  the  cracking.  The  situation  is  analogous  to  a  glass 
bottle  into  which  hot  water  is  poured  causing  the  inside  to  expand 
and  the  consequent  cracking  of  the  outside.  Brick  or  tile 
masonry  is  capable  of  making  such  adjustment  at  the  joints 
that  the  cracks  do  not  become  serious.  Where  the  inner  shell  is 
built  up  only  a  portion  of  the  height  of  the  chimney,  cracking  is 
likely  to  occur  at  the  top  of  the  inner  shell. 

Brick  Chimneys. — Brick  chimneys  are  built  of  common  brick 
or  of  special  radial  brick,  which  are  usually  perforated  and  molded 
to  different  sizes  suitable  for  use  in  various  diameters  of  chimneys. 
The  thickness  at  the  top  should  not  be  less  than  the  length  of  a 
brick  as  a  minimum  and  may  be  taken  as  4  +  0.05D  in.,  where 
D  is  the  diameter  of  the  chimney  in  feet.  The  thickness  increases 
regularly  by  offsets  towards  the  bottom,  these  offsets  being  at 
intervals  of  15  to  25  ft.  The  batter  commonly  used  for  brick 
chimneys  is  1:30  to  1:36. 

It  is  impracticable  to  design  a  chimney  so  that  during  maxi- 
mum wind  pressure,  the  resultant  will  fall  within  the  middle 
third,  of  the  section,  that  is,  so  that  there  may  be  no  tension 
on  the  windward  side  of  the  chimney.  The  following  formulas 
for  maximum  tensile  and  compressive  stresses  devised  by  Pro- 
fessor G.  Lang1  have  been  used  by  the  author  in  the  design  of 
brick  chimneys  with  satisfactory  results. 

Tension : 

S  =  18.5  +  0.056L  for  single  shell  chimneys; 

S  =  21.3  +  0.056L  for  chimneys  with  a  complete  lining; 
Compression : 

S  =  71  -f  0.65L  for  single  shell  chimneys; 

S  =  85  +  0.65L  for  chimneys  with  a  full  complete  lining; 
in  which  S  is  the  allowable  stress  in  lbs.  per  sq.  in.  and  L  is  the 
distance  from  the  top  of  the  chimney  to  the  section  considered. 
The  allowable  working  stress  is  made  to  vary  with  the  distance 
from  the  top  because  of  conditions  occurring  during  construc- 
tion. The  age  of  the  mortar,  and  consequently  its  strength, 
varies  with  the  distance  from  the  top  during  construction  in  a 
large  chimney,  and  for  this  reason,  the  allowable  stresses  are 
increased  with  the  distance  from  the  top  of  the  chimney.  For 
small  chimneys  that  may  be  completed  in  a  few  days,  there 
1  Engineering  Record,  July  27,  1901. 
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Fig.  197. — Details  of  a  chimney  of  common  brick. 
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would  be  no  reason  for  this  distinction.  With  first  class  cement 
mortar,  the  above  values  are  doubtless  very  conservative,  par- 
ticularly for  the  compressive  stresses. 

The  stresses  in  the  chimney  may  be  calculated  in  the  usual 
manner  by  means  of  the  combined  stress  equation, 

S  =  W/A  +  Mc/I 

Calculations  for  stability  must  be  made  at  intervals  where  the 
section  is  changed  at  offsets.  Figure  197  shows  the  general 
dimensions  of  a  353-ft.  chimney  built  of  common  brick  by  the 
Metropolitan  Street  R.  R.  Company  at  95th  Street,  New  York.1 
The  chimney  rests  on  piles  driven  into  sand  and  clay. 

Whether  the  lining  of  fire-brick  should  extend  clear  to  the  top 
depends  upon  the  temperature  of  the  flue  gases.  Where  the 
escaping  gases  are  at  high  temperature,  approved  practice  would 
carry  the  lining  to  the  top. 

Reinforced  Concrete  Chimneys. — In  recent  years,  the  use  of 
reinforced  concrete  for  the  construction  of  chimneys  has  become 


Fig.  198. — Temperature  cracks  in  a  concrete  chimney. 

common  practice.  Notwithstanding  the  appearance  of  defects 
in  many  of  these  structures,  it  is  believed  that  this  material  may 
be  used  for  chimneys  with  satisfactory  results  if  proper  precau- 

1  Engineering  Record,  Dec.  17,  1898. 
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tions  are  taken  in  the  design  and  construction.  The  chief  defects 
lie  in  the  cracking  of  the  concrete  due  to  temperature  effects, 
as  illustrated  in  Fig.  198.  However,  by  proper  reinforcement 
and  methods  of  construction,  these  cracks  can  be  so  diminished 
that  they  are  not  seriously  objectionable.  The  design  of  a 
reinforced  concrete  chimney,  therefore,  resolves  itself  into  the 
design  against  wind  pressure  and  the  design  against  temperature 
cracks. 

Stresses  Due  to  Wind. — The  magnitude  of  wind  pressure  has 
been  discussed  at  another  place  (See  p.  372)  and  need  not  be 

repeated  in  this  connec- 
fc(max)     tion.  The  determination 
of  the  stresses  in  a  rein- 
forced concrete  chimney 
by  rigorous  analysis  is 
complicated     and  an 
entirely  satisfactory  so- 
lution of  the  problem 
has   not   been  accom- 
plished as  yet,  all  exist- 
ing solutions  involving 
certain  approximations. 
However,  the  following 
solution,  taken  largely  from  "Concrete  Engineers'  Handbook," 
by  Hool  &  Johnson,  p.  816  ff.,  is  comparatively  simple  and  yields 
satisfactory  results. 
In  Fig.  199,  let 

R  =  the   radius   of  the  chimney  to  the  reinforcing  steel, 

(approximately  to  the  middle  of  the  wall) 
t  =  the  thickness  of  the  wall 
p  =  the  proportion  of  reinforcement,  As/Ac. 
P  =  the  wind  pressure  in  lbs.  per  square  foot  of  projected  area 
kR  =  distance  from  the   center  to  the  neutral  axis. 

The  moment  of  the  transformed  area  of  the  tensile  steel  CAP 
about  the  neutral  axis  is 


Fig. 


199. — Stresses  in  a  reinforced  concrete 
chimney. 


2nptR 


1  f  (sin 

J  —  sin" 'A; 
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kir 


+  y/l  -  k2  +  k  sin-1^ 


and  the  moment  of  the  compressive  area,  CND,  with  the  trans- 
formed steel  area,  is 
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2RH\  1  +  (n  -  l)p 


2i22< 


f  (sin  0  -  k)dO  = 


1  +  (n  -  l)p 


A;  sin— ^  +  Vl  -  &2  - 


kir 


k  sin-1^  +  Vl  -  A;2 


These  moments  balance  about  the  neutral  axis,  since  the  latter 
passes  through  the  center  of  gravity  of  the  transformed  section, 
hence, 

hit 
~2 

V  =  — ^  

k  sin-1A;  +  Vl  —  k2  — ^ —  kirn 

Figure  200  has  a  curve  at  the  top  which  gives  this  relation 
between  p  and  k  for  n  =  15,  as  expressed  by  the  above  formula. 
The  moment  of  inertia  for  the  transformed  section  is 


RH 


(l  -  p^(l  +  2fc2)(j  -  sin-1^ 


3/cVl  -  fc2 


+  rpn 


) 


The  stresses  in  the  steel  and  in  the  concrete  may  be  calculated 
by  the  formulas 

_  Mcs     , ,  _  MW     f  _  Mcc 

Js  J     ,       Js  J     ,       Jc  J 

in  which,  fc,  fs,  and  //  are  the  stresses  in  the  concrete,  the  tensile 
steel  and  the  compressive  steel  respectively  at  the  distance 
R  from  the  center; 
cc  is  the  distance  from  the  neutral  axis  to  the  extreme  fiber 

of  the  concrete  in  compression 
c,  is  the  distance  from  the  neutral  axis  to  the  extreme  fiber 
of  the  steel  in  tension 
c,  =  Rn(l  +  k),  c/  =  Rn(l  —  k)  and  cc  =  R(I  —  k) 
Since  fc  is  the  stress  in  the  concrete,  practically  at  the  center  of 
the  chimney  wall,  the  maximum  stress  will  be  greater  than  fc, 

namely,  fc (max.)  =  /c(l  +  2R{\  —  fc))'  This  percentage  of  in- 
crease in  stress  is  plotted  in  the  second  diagram  of  Fig.  200. 

The  relation  between  the  percentage  of  reinforcement  and 
the  allowable  bending  moment  for  n  =  15  is  shown  in  the  third 
diagram  of  Fig.  200. 1    Stresses  due  to  moment  only  are  given  in 

1  Hool  and  Johnson,  "Concrete  Engineers'  Handbook,"  p.  816. 
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this  diagram,  the  compressive  stresses  due  to  the  weight  of  the 
structure  itself  will  have  to  be  added  to  these  to  obtain  the 
actual  compressive  stress  for  any  given  case.  The  compressive 
stress  due  to  the  weight  of  a  concrete  chimney  is  approximately 
1  lb.  per  square  inch  for  each  foot  of  height. 


Percentage  of  longitudinal  steel 

Fig.  200. — Diagram  for  designing  a  reinforced  concrete  chimney. 

Thus  if  the  allowable  stress  in  the  concrete  in  a  chimney  200  ft. 
high  and  10  ft.  in  diameter  is  650  lbs.  per  square  inch,  leaving  450 
lbs.  per  square  inch  available  for  moment  stress  and  the  allowable 
stress  in  the  steel  is  14,000  lbs.  per  square  inch,  M/RH  =  1,750. 
The  bending  moment  due  to  wind  pressure  of  20  lbs.  per  square 
foot  projected  area  is  48,000,000  lb.-in.,  whence  t  =  48,000,000 
-3-  (1750  X  602)  =  7%  in.  approximately  and  the  reinforcement 
is  3.4  per  cent.  With  2.5  per  cent  reinforcement  steel,  M/ RH  = 
1,350  and  t  =  10  in.  approximately. 

Owing  to  the  thinness  of  the  chimney  walls,  the  longitudinal 
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shear  should  be  investigated,  which  may  be  serious  on  account  of 
cracking  of  the  walls.  The  transverse  shear  will  practically 
never  be  serious. 

Since  from  mechanics,  the  increment  of  moment  equals  the 
total  shear  at  the  section  multiplied  by  the  increment  of  distance, 
dM  =  V-dy  =  PyD-dy.  The  increment  of  moment  equals  the 
longitudinal  shear  over  the  length  dy  multiplied  by  the  effective 
depth  (the  distance  between  centers  of  tensile  and  compressive 
stress),  or  VhjD  =  PyD-dy.    Taking  dy  as  unity,  or  1  ft.,  Vh  - 

Py/j. 

Since  j  is  practically  constant  and  equal  to  0.78,  Vh  =  l.2,8Py, 

.    ,  .  1.28Py 

and  the  longitudinal  shear  stress  per  square  inch  is  2  ^  ^2t 

Stresses  Due  to  Earthquake  Shocks. — On  the  western  coast 
of  the  United  States  and  elsewhere,  earthquake  shocks  of  suffi- 
cient magnitude  to  wreck  buildings  and  chimneys  sometimes 
occur.  The  effect  of  an  earthquake  shock  is  to  cause  the  foun- 
dation or  base  of  the  chimney  to  be  quickly  moved  horizontally, 
the  rate  of  acceleration  depending  upon  the  severity  of  the  shock. 
Slight  tremors  result  from  an  acceleration  of  1  to  2  ft.  per  sec.,2 
while  an  acceleration  of  13  ft.  per  sec.2  in  soft  loose  ground 
was  observed  at  San  Francisco  and  5  ft.  per  sec.2  on  firm  ground.1 
It  is  probable  that  chimneys  located  in  such  regions  should  be 
designed  for  an  acceleration  of  5  to  6  ft.  per  sec.2 

The  equivalent  force  resulting  from  this  acceleration  is 
Wa/32.2,  where  W  is  the  weight  of  the  chimney  and  a  the  rate  of 
acceleration.  The  moment  due  to  this  acceleration  of  the  base 
is  Waxi/32.2,  where  Xi  is  the  distance  from  the  base  to  the  center 
of  gravity  of  the  portion  of  the  chimney  above  the  section  con- 
sidered and  W  is  the  weight  of  that  portion.  J.  G.  Mingle, 
Engineer  for  the  Rust  Engineering  Company,  recommends  that 
the  rate  of  acceleration  be  taken  as  7  to  9  ft.  per  sec2.2  The 
reinforcement  required  to  withstand  this  moment  may  be  found 
in  the  same  manner  as  for  wind  moment. 

Temperature  Reinforcement. — Owing  to  the  higher  tempera- 
ture of  the  inner  portion  of  the  chimney  shell,  the  expansion  of 
that  portion  is  greater  than  for  the  outside,  consequently,  unless 
properly  reinforced  the  outside  will  crack  both  vertically  and 
horizontally,  and  at  best,  the  results  are  not  always  satisfactory 


1  Engineering  Record,  Jan.  10,  1914. 

2  Proc.  Amer.  Concrete  Inst.,  vol.  14,  p. 

26 


278. 
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in  this  respect.  See  Fig.  198.  A  theoretical  determination  of 
the  proper  amount  of  temperature  reinforcement  is  difficult  and 
uncertain  because  of  the  lack  of  knowledge  regarding  the  beha- 
vior of  concrete  under  such  conditions.  Over  reinforcement 
theoretically  causes  high  compressive  stresses  in  the  concrete, 
and  under  reinforcement  may  allow  the  concrete  to  crack 
objectionably. 

The  difference  in  temperature  of  the  concrete  at  the  outside 
and  the  inside  of  the  shell  requires  both  vertical  and  circumfer- 
ential reinforcement.  Theoretically  the  amount  of  reinforce- 
ment should  diminish  towards  the  top  owing  to  the  decrease  in 
temperature,  but  from  present  information,  it  is  impossible  to 
determine  the  extent  of  this  difference.  Ordinarily,  the  vertical 
reinforcement  required  to  resist  wind  moment  if  placed  near  the 
outside  of  the  chimney  wall  will  suffice  for  vertical  temperature 
reinforcement,  and  experience  indicates  that  about  0.3  to  0.4 

per  cent  circumferential  reinforce- 
ment will  yield  satisfactory  results. 
It  is  desirable  to  make  the  walls  as 
thin  as  practicable  in  order  to  mini- 
mize the  difference  in  temperature 
between  the  outside  and  inside  sur- 
faces of  the  chimney. 

Chimney  Base. — The  base  of  a 
chimney  must  be  of  sufficient  size  to 
provide  adequate  bearing  area  in 
order  that  the  bearing  capacity  of  the 
soil  or  of  the  foundation  may  not  be 
exceeded.  Owing  to  the  increase  of 
pressure  at  the  edge  of  the  base  due 
to  the  wind  moment  on  the  chimney, 
it  will  be  found  necessary  to  make 
om    o  .,  j      the  area  of  the  base  about  2.5  times 

*ig.  201. — Soil  pressure  under 

a  chimney  base.  the  area  required  to   support  the 

weight  of  the  chimney  itself  with 
the  given  soil  bearing  capacity. 

Having  determined  the  size  of  the  base,  it  is  then  necessary  to 
calculate  the  stresses  occurring  in  it.  The  base  of  a  chimney 
should  be  either  circular  or  octagonal,  for  the  distribution  of  soil 
pressure  under  a  square  base  is  unsatisfactory  because  the  pres- 
sure is  likely  to  be  excessive  at  the  corners.    Moreover,  the 
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reinforcement  of  a  square  base  is  more  difficult  to  arrange  than 
for  a  more  nearly  circular  form. 

When  the  resultant  pressure  falls  within  the  middle  third,  or 
the  kern,  of  the  base,  the  pressures  at  the  edges  may  be  readily 
calculated  by  the  equation,  p  =  W/A  ±  Mc/I,  where  W  is  the 
weight  of  the  chimney,  A  is  the  area  of  the  base,  M  is  the  moment 
of  the  wind  on  the  shaft  about  the  base,  c  is  half  the  diameter, 
and  J  is  the  moment  of  inertia  of  the  base. 

However,  usually  the  resultant  of  the  weight  and  wind  pressure 
falls  without  the  middle  third,  as  shown  in  Fig.  201.  Let  px 
be  the  unit  pressure  at  the  outer  edge  for  a  circular  base,  then 

R(l  —  k)  -\-  x 

the  pressure  at  a  distance  x  from  the  center  is  px.  _  ^  > 

and  the  reaction  over  a  differential  area  is 

dP  =^R{^2k}^xVW^dx 

and  the  moment  of  this  reaction  about  the  neutral  axis  is 

dM  =  2Pl[R(1R~  ^  +  X]  Vi^^"2  dx 
From  which  the  following  equations  may  be  derived 

W    =    p,_2pi  n  f[R(l  -  k)  +  xWW^tfdx  (1) 
K{2  —  k)J-R(i-k) 

w\e  +  #(1  -  k))  = 

The  integrals  of  these  equations  are  not  reducible  to  simple 
explicit  functions.  Following  Turneaure  and  Maurer,1  a  graphi- 
cal relationship  is  given  in  Fig.  202.  The  maximum  pressure 
for  a  circular  base  is  given  by  the  equation  pi  =  mW/A,  in 
which  A  is  the  area  of  the  circular  base  and  m  is  a  coefficient 
obtained  from  the  diagram.  Where  the  base  is  square,  the 
maximum  toe  pressure  may  be  obtained  by  the  formula  pi  = 

3(L/2-U)  (See  p-  217)- 

The  chimney  should  be  securely  anchored  to  the  base  by 
extending  the  vertical  reinforcement  into  the  base  so  as  to  secure 
adequate  bond.  Where  at  least  forty  diameters  of  the  bar  can 
not  be  obtained  as  embedment  by  extending  the  bars  directly, 

1  Turneaure  and  Maurer,  "  Principles  of  Reinforced  Concrete  Construc- 
tion," p.  424. 
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they  should  be  hooked  to  the  reinforcement  at  the  bottom  of 
the  base. 

The  shear  strength  of  the  base  should  be  investigated  as  well 
as  its  strength  in  flexure,  and  the  edge  of  the  base  made  of  suffi- 
cient thickness  to  with- 
stand the  shear  to  which 
it  may  be  subjected.  This 
requirement  will  necessi- 
tate a  base  about  3  ft. 
thick  at  the  edge  for  a  100 
ft.  chimney  and  about  7 
ft.  thick  for  a  300  ft. 
chimney. 

The  positive  moment  at 
the  center  of  the  base 
due  to  the  direct  weight 
of  the  chimney  will  usually 
be  relatively  small,  but  in 
a  thin  base  under  a  chim- 
ney of  large  diameter,  it 
should  be  investigated. 
The  stress  in  a  bearing 
plate  may  be  calculated  as  explained  on  p.  40. 

Materials  for  Chimneys. — Brick  chimneys  are  sometimes  built 
of  common  brick,  but  more  frequently  high  chimneys  are  con- 
structed of  radial  brick  of  special  design.  In  either  case,  the 
brick  should  be  of  good  quality,  well  burned,  and  having  a  specific 
gravity  of  at  least  2.0.  They  should  be  uniform  in  size  and  color 
and  have  a  crushing  strength  of  not  less  than  4,000  lbs.  per  square 
inch. 

The  mortar  for  a  brick  chimney  should  consist  of  about  34 
part  hydrated  lime,  Y±  part  portland  cement  and  3  parts  sand. 
The  sand  should  be  a  fairly  coarse  sand  screened  to  remove 
particles  coarser  than  34  in-  Mortar  for  the  lining  should 
consist  of  cement,  sand  and  fire  clay. 

For  a  concrete  chimney,  it  is  preferable  to  use  aggregates 
other  than  quartz  rocks  because  these  spall  when  heated. 
Limestone  may  be  calcined  by  high  heat,  hence,  a  trap  rock  is 
desirable  when  it  can  be  obtained. 

Since  a  chimney  is  particularly  susceptible  to  lightning,  it  is 
important  that  suitable  lightning  protectors  should  be  provided. 
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Fig.  202. — Diagram   for    calculating  soil 
pressure  under  a  chimney. 
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For  a  diameter  of  5  ft.,  two  points  at  the  top  should  be  provided, 
and  one  additional  point  for  each  2  ft.  additional  diameter. 
The  points  should  be  %  by  8  in.  copper  rod  with  a  1}4  in.  plati- 
num coated  tip.  These  points  should  be  attached  to  a  ring  of 
twisted  copper  cable  of  not  less  than  seven  strands  of  No.  10 
wire  attached  around  the  top  at  the  outer  edge,  and  a  similar 
copper  cable  should  reach  from  this  ring  to  the  ground,  extending 
to  a  copper  plate  embedded  well  below  ground  water  in  the 
ground.  This  "ground"  should  be  constructed  while  the  foun- 
dation is  being  placed. 

Figure  203  shows  the  type  of  reinforced  concrete  chimney 
built  by  the  Weber  Chimney  Co.  of  Chicago.  A  square  base  is 
used  containing  a  rectangular  and  diagonal  net  of  steel. 

Architectural  Treatment  of  Chimneys. — From  their  nature, 
chimneys  are  not  handsome  structures,  particularly  when  emit- 
ting a  cloud  of  black  smoke.  However,  considerable  may  be 
done  to  improve  the  sightliness  of  these  structures  by  giving 
attention  to  the  detail.  It  is  probably  generally  accepted  that 
the  shaft  should  be  tapering,  although  the  amount  of  taper  will 
necessarily  depend  upon  the  conditions  to  be  met.  Paneling 
and  projecting  arches  are  devices  that  are  frequently  used  in 
brick  chimneys,  while  fluting  is  sometimes  employed  in  concrete 
chimneys. 

At  the  Windsor  Street  power  house,  Montreal,  the  stack  was 
given  special  treatment  by  an  architect  with  a  view  to  improving 
its  appearance.  The  body  of  the  chimney  is  of  buff  brick  with  a 
panel  course  of  gray  terra  cotta  blocks  spanned  by  arches  of  the 
same  material.  Above  these  arches  and  near  the  top  is  a  pro- 
jecting course  of  the  same  gray  terra  cotta,  the  entire  effect 
being  to  relieve  the  monotony  of  the  uniform  circular  shaft. 

The  enlarged  top  of  a  chimney  may  take  one  of  various  forms, 
but  it  should  bear  some  suitable  proportion  to  the  size  of  the 
entire  structure. 

As  in  other  engineering  structures,  excessive  ornamentation 
in  a  chimney  is  objectionable,  yet  attention  given  to  the  form 
and  color  of  a  chimney  may  yield  a  rich  return  in  appearance  with 
little  if  any  additional  cost. 
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MASONRY  FORMS  AND  FALSEWORK 

Introduction. — Falsework  is  a  general  term  and  may  be  denned 
as  a  temporary  structure  whose  function  is  to  aid  in  the  erection 
of  a  permanent  structure.  Forms  for  concrete  are  special  types 
of  falsework  for  molding  concrete  masonry  structures.  False- 
work used  in  the  support  of  stone  or  brick  masonry  structures 
during  construction  are  frequently  referred  to  as  centers,  a  term 
applicable  especially  to  the  falsework  used  in  the  construction  of 
masonry  arches  and  conduits. 

Considerations  of  economy  in  construction  require  careful 
attention  to  be  given  to  the  design  of  forms  and  falsework  be- 
cause this  item  constitutes  a  considerable  portion  of  the  total 
cost  of  masonry  structures.  Large  construction  companies 
design  and  detail  their  forms  and  falsework  with  almost  as  much 
care  as  is  used  in  the  design  of  the  primary  structure.  The  form 
sections  and  other  parts  are  framed  at  a  central  mill  and  yard 
and  then  given  erection  markings  in  a  manner  similar  to  those 
used  in  the  construction  of  steel  structures.  This  procedure 
yields  great  economy  over  the  older  one  of  leaving  the  design 
and  assembling  of  the  forms  to  the  wasteful  methods  of  foremen 
and  carpenters  in  the  field. 

Elements  Affecting  the  Design  of  Forms. — Various  factors 
enter  into  the  design  of  forms,  among  which  may  be  mentioned 
the  following  items: 

1.  The  forms  should  be  rigid  and  stable  under  the  weight  of  the  concrete; 

2.  The  interior  surface  should  be  adapted  to  forming  a  good  concrete 

surface,  requiring, 

(a)  Smoothness  of  form  surface, 

(b)  Properly  formed  corners  and  angles; 

3.  Tightness  to  prevent  leakage  of  matrix; 

4.  Ease  of  stripping  after  the  concrete  has  set; 

5.  Provision  for  re-use; 

6.  Economy, 

(a)  Joists  and  girts  should  be  in  as  few  lengths  as  possible  to  save  time 
in  sorting, 
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(b)  Stock  sizes  of  timbers  should  be  used, 

(c)  Sectional  units  should  be  as  large  as  can  be  easily  handled, 

(d)  Panels  should  be  made  of  an  even  number  of  board  widths,  so  far 

as  practicable. 

Two  factors  enter  largely  into  the  mechanics  of  form  design, 
viz.,  strength  and  deformation.  Since  the  structure  is  of  a 
temporary  nature,  high  unit  stresses  may  be  used  in  the  design, 
provided  that  resulting  deflections,  bulging  and  twisting,  or 
other  deformations  are  not  so  great  as  to  mar  the  appearance  of 
the  finished  structure.  Forms  should  be  designed  not  only  for 
ultimate  stability,  therefore,  but  with  a  view  to  producing  an 
even  smooth  surface. 

The  loads  to  which  concrete  forms  are  subjected  consist  of 
the  weight  of  the  supported  concrete,  the  pressure  of  the  wet 
concrete  when  freshly  deposited,  the  buoyancy  of  wet  concrete, 
the  weight  of  staging,  runways,  and  platforms  for  mixing  and 
transporting  the  concrete  in  "buggies"  or  otherwise,  etc. 

Pressure  of  Wet  Concrete  on  Forms. — The  pressure  exerted 
by  freshly  deposited  concrete  against  forms  depends  primarily 
upon  the  consistency  of  the  concrete.    Dry  or  plastic  concrete 

behaves    similarly    to  any 

Cell  No  t   other   plastic   material  and 

exerts  a  lateral  pressure  that 
is  only  a  fraction  of  the  ver- 
tical pressure,  while  mushy 
and  wet  concrete  gives  pres- 
sures that  approach  fluid 
pressure  for  a  liquid  of  similar 
specific  gravity  to  concrete. 
Tests  made  by  the  Aberthaw 
Construction  Company1  and 
by  Professor  A.  B.  McDaniell 
at  the  University  of  Illinois2 
indicate  that  wet  concrete  of 
a  rich  mixture  while  being 
deposited  exerts  a  pressure 
equivalent  to  that  of  a  fluid  weighing  140  to  150  lbs.  per  cubic 
foot.  Tests  made  by  the  Bureau  of  Standards3  indicate  the 
equivalent  pressure  of  a  liquid  weighing  124  lbs.  per  cubic  foot. 

1  Concrete-Cement  Age,  Oct.,  1913. 

2  Concrete,  May,  1917. 

3  U.  S.  Bureau  of  Standards,  Tech.  Paper  175. 
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Fig.  204. — Effect  of  time  on  the  pressure 
of  concrete  on  forms. 
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The  greater  time  required  in  pouring,  the  more  viscous  the  ma- 
terial becomes  and  the  less  the  pressure  exerted  because  the  con- 
crete begins  to  set  up  and  when  the  initial  set  occurs,  the 
pressure  rapidly  falls  off  as  indicated  in  Fig.  204.  From  the 
tests  of  the  Bureau  of  Standards,  the  conclusion  may  be  drawn 
that  the  greatest  pressure  head  that  may  be  considered  will  not 
be  greater  than  a  depth  that  can  be  poured  in  about  40  minutes. 

The  pressure  in  pounds  per  square  foot  from  a  plastic  or  dry 

mix  of  concrete  may  be  calculated  by  the  formula  -z — — wh 
J  J  1  +  sin  <f>  ' 

w  being  the  weight  per  cubic  foot,  h  the  effective  head  in  feet, 

and  <f>  the  angle  of  repose,  which  varies  from  10°  for  mushy 

concrete  and  20°  for  plastic  to  30°  for  dry  concrete. 

Buoyant  Effect  of  Wet  Concrete. — Where  any  portion  of  the 
forms  are  immersed  in  the  concrete,  the  latter  exerts  a  consider- 
able buoyant  force  tending  to  float  or  lift  that  portion  of  the 
forms.  The  amount  of  this  force  is  dependent  upon  the  con- 
sistency of  the  concrete  and  slope  of  the  exposed  surface. 

Where  the  exposed  surface  is  horizontal  and  the  buoyant  effect 
is  directly  upward,  the  intensity  of  the  buoyant  pressure  in  lbs.  per 

square  foot  may  be  calculated  by  the  expression  (i  _[_  w^> 

w  being  the  specific  weight  per  cubic  foot,  h  the  head  of  the  fresh 
concrete  that  may  be  considered  effective  and  <f>  the  angle  of  re- 
pose of  the  concrete,  varying  as  above  from  10°  for  mushy  con- 
crete to  30°  for  dry  concrete.  A  very  wet  concrete  will  give 
practically  full  fluid  buoyancy. 

In  small  pier  forms,  where  the  sides  are  given  a  heavy  batter, 
trouble  may  be  experienced  in  the  raising  of  the  forms,  the 
buoyancy  being  effective  over  the  projected  area  of  the  batter. 
Where  the  forms  are  battered  more  than  4  in.  per  foot,  it  becomes 
very  difficult  to  anchor  the  forms  down  so  as  to  prevent  their 
rising  when  the  concrete  is  deposited.  In  a  similar  manner,  a 
concrete  bin  with  sloping  sides  which  has  an  internal  form  with 
sloping  sides  presents  a  difficulty  in  anchorage  of  the  forms. 

Lumber  for  Forms. — The  ideal  lumber  for  formwork  should  be 
light  and  strong,  and  obtainable  at  a  low  price  per  thousand  feet. 
The  kind  that  will  actually  be  used,  will  vary  with  the  locality 
since  this  factor  largely  governs  the  cost.  White  pine,  spruce, 
southern  pine  and  Douglas  fir  are  the  most  satisfactory  and  most 
commonly  used.    Hemlock  splits  too  easily  to  be  satisfactory 
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form  lumber.  The  lumber  should  be  free  from  imperfections, 
such  as  wind  shakes,  wanes,  large  knots.  Planed  lumber  for 
sheathing  is  necessary  where  a  smooth  surface  is  desired,  and 
generally  will  be  found  economical  because  of  the  greater  facility 
in  framing  and  stripping.  For  braces  and  other  supports,  a 
cheaper  grade  of  unplaned  lumber  may  be  used  so  long  as  it  is 
sound.  Forms  are  required  to  sustain  great  weight  at  times  and 
many  serious  accidents  have  occurred  due  to  insufficient  supports. 

In  work  where  unusual  finish  is  desired,  tongue-and-grooved 
lumber  may  be  used  for  sheathing,  which  will  effectively  prevent 
leakage  of  the  matrix  of  the  concrete.  Beveled  edge  stock  has 
the  advantage  that  when  the  lumber  swells  after  being  wet,  the 
edges  compress  against  each  other  and  thus  make  a  tight  joint. 

It  is  seldom  economical  to  re-work  second  hand  form  lumber 
owing  to  the  presence  of  nails  that  have  to  be  pulled,  and  to 
the  coating  of  dry  mortar  that  has  adhered  to  the  forms,  which 
dulls  and  injures  tools.  The  cost  of  labor  and  equipment  for 
making  forms  of  second  hand  lumber  will  be  about  twice  that 
for  new  lumber. 

Table  XXXI  gives  the  board  feet  in  various  sizes  and  length  of 
lumber  for  use  in  forms  and  falsework.  Lumber  is  sold  by  the 
feet  board  measure  (f.b.m.),  usually  at  so  much  per  thousand 
feet.  One  board  foot  may  be  denned  as  a  board  1  ft.  square  and 
1  in.  thick.  Thus,  a  board  1}4  in-  by  10  in.  by  16  ft.  contains 
IK  X  x%2  X  16  or  20  board  feet. 

Bracing  Concrete  Forms. — Forms  for  concrete  should  be 
braced  with  two  objectives  in  view;  first,  to  make  the  form  rigid 
within  itself  by  firm  tying  with  rods  or  wires  and  by  internal 
bracing,  and  second,  the  form  as  a  whole  should  be  securely 
anchored  to  the  ground  or  to  other  parts  of  the  main  structure 
to  prevent  movement  of  the  entire  form.  The  devices  used  to 
accomplish  the  former  may  be  called  bracing  and  those  for  the 
latter,  anchorage  or  shoring. 

Bracing  consists  of  ties,  such  as  wires,  rods,  girdles,  and 
"spreaders,"  or  short  struts  for  holding  the  wall  forms  apart 
until  the  concrete  is  poured.  (It  is  necessary  of  course  to 
remove  the  spreaders  from  the  forms  as  the  concrete  rises  in  the 
latter  during  pouring.)  A  variety  of  patented  clamps  and  other 
devices  for  holding  forms  and  reinforcing  steel  in  place  are  on  the 
market  which  aid  in  the  placing  of  forms  and  facilitate  the  re- 
moval of  the  former.    The  function  of  the  bracing  is  to  with- 
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Table  XXXI. — Board  Feet  in  Various  Sizes  and  Lengths  of  Lumber 


Length  of  piece  in  feet 


timber 
in  inches 

10 

12 

14 

16 

18 

20 

22 

24 

1X2 

1% 

2 

2% 

2% 

3 

3% 

3% 

4 

1X3 

2% 

3 

3% 

4 

4% 

5 

oyi 

6 

1  X  4 

3% 

4 

4% 

5% 

6 

6% 

7% 

8 

1X5 

4% 

5 

5% 

6% 

7% 

8% 

9% 

10 

1X6 

5 

6 

7 

8 

9 

10 

1 1 

12 

1X8 

6% 

8 

9% 

10% 

12 

13% 

14% 

16 

1  xio 

8% 

10 

11% 

13% 

15 

16% 

18% 

20 

1  X12 

10 

12 

14 

16 

18 

20 

22 

24 

1  X14 

11% 

14 

16% 

18% 

21 

23% 

25% 

28 

1  X16 

13% 

16 

18% 

21% 

24 

26% 

29% 

32 

1  X20 

16% 

20 

23% 

26% 

30 

33% 

36% 

40 

1%  X  4 

5 

6 

7 

8 

9 

10 

11 

12 

1%  X  6 

7% 

9 

10% 

12 

13% 

15 

16% 

18 

IK  X  8 

10 

12 

14 

16 

18 

20 

22 

24 

1%  xio 

12% 

15 

17% 

20 

22% 

25 

27% 

30 

1%  X12 

15 

18 

21 

24 

27 

30 

33 

36 

2X  4 

6% 

8 

9% 

10% 

12 

13% 

14% 

16 

2X  6 

10 

12 

14 

16 

18 

20 

22 

24 

2X  8 

13% 

16 

18% 

21% 

24 

26% 

29% 

32 

2  XIO 

16% 

20 

23% 

26% 

30 

33% 

36% 

40 

2  X12 

20 

24 

28 

32 

36 

40 

44 

48 

2X14 

23% 

28 

32% 

37% 

42 

46% 

51% 

56 

2X16 

26% 

32 

37% 

42% 

48 

53% 

58% 

64 

2%  X12 

25 

30 

35 

40 

45 

50 

55 

60 

2%  X14 

29% 

35 

40% 
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stand  the  forces  such  as  internal  pressure  tending  to  cause 
deformation  of  the  forms  by  bulging  or  spreading. 
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Anchorage  or  shoring  consists  chiefly  of  braces  or  struts  extend- 
ing to  stakes  driven  into  the  ground,  to  firm  members  of  the 
finished  portions  of  the  structure,  to  other  buildings,  or  to  solid 
objects.  These  should  be  placed  so  that  their  attachment  will 
injure  the  forms  as  little  as  possible  and  so  that  they  may  be 
readily  removed  when  the  concrete  has  set  up. 

Composition  of  Forms. — Forms  for  concrete  construction  in 
general  consist  of  vertical  or  horizontal  studs  of  dimension 
timbers,  usually  2  by  4  in.,  or  2  by  6  in.  stock,  lined  with  lagging 
or  sheathing  of  1  to  1%  in.  stock,  the  whole  being  held  on  the 
outside  by  longitudinal  girts.  The  particular  arrangement  of 
these  component  parts  depends  upon  the  character  and  shape 
of  the  structure  being  built.  By  giving  careful  attention  to 
the  method  of  form  construction  in  connection  with  the  design  of 
the  structure,  a  considerable  saving  may  be  effected  in  the  spacing 
of  panels,  avoiding  difficult  features,  and  adopting  uniform  details. 

In  the  early  years  of  concrete  construction,  the  forms  were 
built  up  in  place  by  the  field  forces,  but  now  approved  practice 
requires  that  they  be  framed  in  sections  at  a  central  plant,  and 
then  the  sections  are  commonly  bolted  together  in  the  field. 
Forms  for  low  walls  and  for  minor  work  are  still  constructed 
in  situ  more  advantageously.  In  either  case,  the  building  of  the 
forms  will  be  made  more  economical  generally  if  form  plans  are 
prepared,  and  in  the  construction  of  large  and  complicated 
structures,  careful  design  and  plans  of  forms  are  quite  essential. 

The  thickness  of  lumber  used  for  forms  varies  with  the  con- 
ditions to  which  it  is  subjected.  For  short  spans  between 
supports,  such  as  floor  slabs  and  wall  forms,  1-in.  stock  is  com- 
monly used;  for  columns,  either  1  in.  or  134  in.  is  used,  according 
to  the  spacing  of  the  column  yokes;  for  beam  sides  and  bottoms, 
2-in.  stock  is  preferable,  although  13^-in.  is  sometimes  used. 
Dressed  lumber  is  about  %  to  34  under  the  commercial  size  of 
the  rough  lumber.  Shores  and  supports  for  forms  usually 
consist  of  3  by  4,  4  by  4  or  2  by  4  in.  studding.  Timbers  as  large 
as  4  by  6,  6  by  8  or  8,  by  10  in.  may  be  used  to  shore  up  forms 
where  the  masses  of  concrete  to  be  supported  are  exceptionally 
heavy. 

Lubrication  of  Forms. — Unless  the  inside  surface  of  forms  is 
wetted  or  lubricated  in  some  manner  before  the  concrete  is 
poured,  the  latter  will  adhere  to  the  forms  and  thus  produce  a 
disfigured  surface  after  the  forms  have  been  stripped  and  at  the 
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same  time  diminish  the  value  of  the  forms  for  re-use.  If  the 
forms  are  to  remain  on  the  concrete  until  the  latter  is  thoroughly- 
hard,  wetting  the  forms  with  water  from  a  hose  just  before  the 
concrete  is  poured  will  suffice,  but  if  the  forms  are  to  be  re-used 
sectionally  as  soon  as  the  concrete  becomes  self-supporting,  it  is 
desirable  to  use  some  other  lubricant. 

A  good  coating  material  should  be  thin  enough  to  spread 
easily  and  uniformly  and  at  the  same  time  fill  the  grain  and  the 
pores  of  the  wood.  Crude  oil  or  petroline  is  a  satisfactory 
coating  for  forms,  although  various  other  substances  may  be 
used.  Oiled  forms  should  not  be  used  when  the  concrete  sur- 
face is  to  be  plastered  because  an  oiled  surface  hinders  the  adhe- 
sion of  the  plaster. 

The  use  of  oil  as  a  lubricant  will  usually  pay  for  itself  in  the 
reduced  cost  of  removing  the  forms  and  in  the  greater  ease  of 
finishing  the  concrete  surface.  The  expense  in  coating  the  forms 
with  oil  that  may  be  economically  justified  will  depend  upon  the 
character  of  the  work.  Where  panels  are  to  be  used  repeatedly 
thorough  coating  will  be  found  economical,  but  where  from  the 
nature  of  the  work,  the  forms  can  be  used  but  once,  such  care  in 
this  respect  is  not  justified. 

Examples  of  Concrete  Forms. — While  the  particular  type  of 
forms  to  be  used  on  any  piece  of  work  must  be  determined  by 
local  conditions,  yet  typical  arrangements  for  various  repre- 
sentative or  elemental  structures  may  assist  the  student  in 
seeing  the  relation  between  the  finished  structure  and  the  forms 
that  produce  it. 

Column  Forms. — Rectangular  and  octagonal  columns  are 
usually  made  of  wood  with  the  boards  vertical  braced  by  means  of 
yokes.  Round  columns  are  almost  always  molded  in  steel 
forms.  There  should  always  be  a  clean-out  hole  left  at  the  bot- 
tom of  a  column  form  because  the  shavings,  sawdust,  etc.  will 
almost  always  collect  at  the  bottom  of  the  column  form  when  the 
forms  for  girders,  beams  and  slabs  are  swept  out  preparatory  to 
the  pouring  of  the  concrete.  This  clean-out  hole  should  be  of 
sufficient  size  to  permit  the  thorough  cleaning  and  inspection  of 
the  bottom  of  the  column  form  before  the  concrete  is  poured. 

In  some  instances  it  is  more  convenient  to  assemble  three  sides 
of  the  column  form  leaving  the  fourth  out  until  after  the  rein- 
forcement is  in  place,  a  procedure  that  is  usually  necessary 
when  the  reinforcing  is  more  than  one  story  high.    Under  other 
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conditions,  especially  for  small  columns,  it  is  more  convenient 
to  assemble  the  column  form  complete  and  place  it  at  one 
operation. 

Figure  2051  shows  some  of  the  common  types  of  column  forms. 
The  sheathing  consists  of  l>4'-in.  stock,  T.  &  G.  D2S,  and  the 
yokes  are  4  by  4  in.  pine.  The  bolts  are  %  or  %  in.;  a  smaller 
size  while  giving  ample  tensile  strength  will  be  bent  too  easily 
in  handling.    Special  forms  of  yokes  are  extensively  used. 


E  f 

Fig.  205. — Typical  column  forms. 


Table  XXXII  gives  the  spacing  of  yokes  for  rectangular 
columns  for  various  heights  using  1^-in.  stock  for  sheathing. 
To  find  the  spacing  for  a  column  24  in.  by  30  in.,  14 ft.  high,  trace 
across  on  the  14-ft.  line  to  the  column  headed  30  in.,  which 
gives  7  in.  as  the  proper  spacing  for  the  bottom  yokes,  8  in.  for 
the  next  three,  9  in.,  10  in.  etc.,  in  order  up  the  column  form. 

Steel  forms  for  round  columns  are  obtainable  from  certain 
firms  who  rent  to  users,  the  charge  being  based  chiefly  on  the 
length  of  time  the  forms  are  in  use. 

Beam  Forms. — The  manner  of  constructing  forms  for  beams 
depends  upon  the  character  of  the  building  and  the  manner  of 
removing  the  forms.  Where  the  forms  are  to  be  removed  all  in 
one  piece  after  the  concrete  has  set  up,  as  may  be  the  case  if  the 
entire  forms  can  be  left  in  place  until  the  concrete  is  fully  hard, 

1  "Handbook  of  Concrete  Construction,"  Atlas  Portland  Cement  Co. 
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Table  XXXII. — Spacing  of  Column  Yokes 
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the  forms  must  be  structurally  strong  enough  to  stand  the 
stripping,  removal  and  re-erection.  In  such  cases,  the  lumber 
is  usually  of  2-in.  stock  throughout.  Figure  206  shows  beam, 
girder  and  slab  forms  designed  to  be  removed  as  a  unit. 

The  more  common  procedure,  however,  is  to  leave  the  bottoms 
of  the  beam  and  girder  forms  in  place  in  order  to  support  the 
green  concrete  until  it  is  sufficiently  hard  to  withstand  the  load 
coming  upon  it.  In  this  case,  the  bottoms  are  made  of  2-in. 
lumber  but  the  sides  may  be  of  lighter  stock.  Figure  207  shows 
forms  for  beams,  girder  and  slabs  designed  for  leaving  the 
bottoms  in  place  when  the  sides  are  removed.  The  forms  for 
the  beams  and  girders  are  essentially  similar,  except  that  the 
girder  forms  are  weaker  owing  to  the  notches  in  the  sides  for 
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receiving  the  ends  of  the  beams,  and  hence,  are  somewhat  more 
difficult  to  handle  without  breaking. 


Detail  or  posts- 

Fig.  206. — Beam  and  girder  forms,  bottom  attached. 


DETAIL  OF  POSTS 


Fig.  207. — Beam  and  girder  forms,  bottom  detached. 

Wall  Forms. — Wall  forms  are  usually  made  up  in  panels  using 
1  in.  or  %  in.  sheathing  fastened  together  with  cleats.  Figure 
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208  shows  a  typical  wall  form.  The  two  sides  are  tied  together 
with  wires  or  with  bolts  and  held  at  the  proper  space  with  short 


^  IZ'.4^  _ 

Fig.  209. — Retaining  wall  form,  Miami  Conservancy  District. 

wood  spreaders.  These  spreaders  must  be  knocked  out  and 
removed  as  the  concrete  rises  in  the  form  while  being  poured. 
Large  plain  walls  are  frequently  built  with  sliding  forms,  which 
will  be  described  in  a  subsequent  paragraph. 
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To  facilitate  stripping  of  forms,  it  is  very  important  that  the 
ends  of  sheathing  at  a  re-entrant  angle  shall  not  project  into  the 
concrete  after  it  is  poured.  If  the  ends  are  cut  back  slightly, 
the  stripping  of  the  forms  will  be  facilitated  and  the  appearance 
of  the  structure  will  not  be  marred. 

Wall  forms  are  sometimes  stiffened  by  bolting  additional 
2  by  4,  or  4  by  4  in.  braces  to  the  upright  standards  which  hold 
the  sheathing.  When  the  forms  are  built  in  sections,  the  stand- 
ards at  the  edge  of  the  sections,-  usually  consisting  of  2  by  4  in. 
studding,  are  flush  with  the  edge  of  the  sheathing  and  bolted  to 
the  corresponding  standards  of  the  adjacent  sections. 

Retaining  Wall  Forms. — Forms  for  retaining  walls  are  usually 
built  in  sections  with  a  view  to  re-use.  It  is  important  that  the 
bracing  be  rigid  and  that  the  shoring  be  securely  attached  to 
rigid  stakes  or  other  stable  support.  Figure  209 1  is  the  form 
used  by  the  Miami  Conservancy  District  at  Dayton,  Ohio. 
The  footing  form,  (not  shown)  was  the  ordinary  built-in-place 
type;  the  wall  forms  are  movable  sections  held  apart  by  spreaders 
and  tied  together  with  bolts.  The  sections  were  16  ft.  long, 
corresponding  to  the  sections  of  the  wall,  and  were  swung  forward 
by  means  of  a  derrick.  The  sections  were  divided  horizontally 
into  halves  to  facilitate  handling  and  to  permit  the  use  at  other 
places. 

Figure  2102  is  the  retaining  wall  form  used  by  the  C.  B.  & 
Q.  R.  R.  to  construct  the  fillet  type  of  reinforced  concrete  wall 
shown  in  Fig.  123.  Figure  2 ll3  shows  the  form  for  the 
Webb  City,  Mo.,  reservoir  wall. 

The  C.  R.  I.  &  P.  R.  R.  is  reported4  to  have  effected  a  saving 
of  about  70  per  cent  in  the  cost  of  erection  of  large  retaining  walls 
by  the  use  of  movable  forms  over  the  cost  with  forms  built  in 
place,  as  well  as  a  saving  of  75  per  cent  in  time.  The  wall  was 
built  in  alternate  sections  to  facilitate  construction. 

Conduit  Forms. — Conduit  forms  consist  of  two  parts,  the 
outside  form  and  the  inside  collapsible  form  or  center.  Various 
devices  have  been  arranged  to  facilitate  the  handling  of  such 
forms,  particularly  for  circular  sections.  Figure  212  shows  the 
form  for  a  large  storm  sewer  at  Louisville,  Ky.,  and  Fig.  213 

1  Engineering-Contracting,  Mar.  24,  1920. 

2  Proc.  W.  Soc.  of  Engineers,  vol.  12,  p.  349. 

3  Engineering  Record,  May  11,  1912. 

4  Engineering  Record,  Aug.  15,  1914. 
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shows  another  type  of  collapsible  center  that  has  been  used 
advantageously. 
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Forms  and  Reinforcing  of  Division  Wall 
Fig.  211. — Reservoir   wall  form. 

Sliding  Forms. — In  the  construction  of  certain  classes  of 
structures  involving  large  areas  of  unbroken  walls,  sliding  forms 
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Fig.  212. — Forms  for  a  large  concrete  sewer. 


Fig.  213. — Collapsible  center  for  a  conduit. 
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may  be  used  advantageously  and  are  commonly  used  for  these 
conditions.  Grain  elevators,  chimneys,  silos,  tanks,  and  similar 
structures  are  well  adapted  to  this  method  of  construction.  The 
forms  are  raised  by  means  of  special  jacks  attached  to  the 
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Concrete  wall. 


Fig.  214. — Sliding  forms  for  a  wall. 


vertical  reinforcing  rods,  as  the  concrete  is  poured  and  attains 
its  initial  set  although  formerly  the  jacks  were  attached  to  gas 
pipe  extending  up  through  the  wall  for  this  purpose. 

The  forms  consist  of  ordinary  sheathing  and  extend  down  on 
the  hardened  wall  past  the  junction  with  the  fresh  concrete. 
The  concrete  is  poured  at  such  a  rate  that  at  the  bottom  of  the 
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form  section,  which  is  perhaps  4  to  6  ft.  high,  the  concrete  is 
about  24  hours  old,  while  that  at  the  top  is  fresh.  The  forms  are 
raised  about  one  foot  at  a  time.  It  is  preferable  to  pour  the 
concrete  continuously  throughout  the  24  hours  in  order  that 
the  concrete  may  not  adhere  to  the  forms  and  a  more  uniform 
result  may  be  obtained.  Figure  214  shows  the  use  of  sliding 
forms  in  the  construction  of  a  concrete  grain  elevator. 


Fig.  215. — Attachment  of  jacks  to  rods. 


There  are  several  different  types  of  jacks  in  use  for  this 
purpose,  the  more  successful  ones  being  of  the  jack  screw  type. 
A  sufficient  number  of  jacks  are  attached  to  the  forms  so  that 
when  the  turning  heads  are  twisted  the  forms  are  raised  steadily 
all  the  way  round.  A  common  type  of  jack  consists  of  a  hollow 
screw  fitted  at  the  top  with  a  turning  head  and  at  the  bottom 
with  a  clutch  for  gripping  the  vertical  jacking  rods  imbedded  in 
the  concrete.    The  jacking  rod  passes  up  through  the  center  of 
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the  jack  which  engages  the  yoke  of  the  forms,  so  that  when  the 
turning  head  is  operated  the  yoke  is  moved  up,  thus  lifting  the 
forms  with  it.    See  Fig.  215. 

Cost  of  Forms. — The  proportion  of  the  whole  cost  of  a  structure 
chargeable  to  forms  varies  with  the  type  of  structure  and  the 
intricacy  of  the  form  work.  In  any  case,  the  forms  constitute 
a  considerable  item  of  the  total  cost  and  justify  therefore  much 
care  in  their  design.    The  cost  of  forms  depends  on 

(a)  The  cost  of  lumber: 
(6)  The  cost  of  labor; 

(c)  The  method  of  handling  form  work; 

(d)  The  character  of  the  structure; 

(e)  The  number  of  times  the  lumber  may  be  re-used,  in  the  case  of  wood 

forms. 

Three  different  methods  are  in  use  for  estimating  the  cost  of 
forms,  viz.,  (1)  the  cost  per  cubic  yard  of  concrete,  (2)  the  cost 
per  thousand  feet  b.m.  of  lumber  used,  and  (3)  the  cost  per 
square  yard  of  form  or  concrete  area.  Neither  one  of 
these  methods  furnishes  a  unit  of  form  cost  with  which  the  cost 
will  vary  in  direct  proportion  for  all  structures.  The  three 
methods  of  estimating  should  be  used  as  checks  on  each  other. 

The  cost  of  forms  per  cubic  yard  of  concrete  varies  greatly 
depending  upon  whether  the  structure  is  of  mass  concrete  or 
reinforced  concrete  consisting  of  small  members.  The  forms  for 
a  mass  dam  or  plain  retaining  wall  would  obviously  be  much  less 
per  cubic  yard  than  they  would  be  for  a  reinforced  concrete 
building  consisting  of  beams  and  slab  members.  Moreover,  the 
cost  varies  with  the  size  of  the  member  even  when  the  relative 
proportions  are  unchanged.  For  example,  the  forms  for  a  20-in. 
square  column  will  be  less  per  cubic  yard  of  concrete  than  they 
will  be  for  a  12-in.  column.  From  the  above  considerations,  it 
is  obvious  that  the  cubic  yard  of  concrete  does  not  furnish  a 
satisfactory  unit  basis  for  estimating  the  cost  of  forms,  except  in 
work  of  a  given  class. 

The  cost  of  forms  per  thousand  feet  of  lumber  b.m.  may  be 
used  as  a  unit  of  cost  in  estimating  form  work,  although  this 
cost  will  vary  greatly  with  the  character  of  the  work  and  the 
number  of  times  the  lumber  can  be  used.  Where  costs  for 
framing  and  for  erecting  are  kept  separate,  estimates  of  form 
work  may  be  made  with  fair  reliability  as  follows: 
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M.b.m.  lumber  new  at  $  per  M  

Framing  same  at  $  per  M  

Erecting  same  at  $  per  M  

Stripping  and  removing  at  $  per  M  

Erecting  M.b.m.    2nd  time  at  $.  .  .  .  per  M  

Total  cost  per  M  

Framing  comparatively  simple  wall  forms  requires  about  eight 
hours  work  for  one  carpenter  and  one  helper  per  1,000  feet  b.m. 
Tearing  down  such  forms  requires  about  five  hours  for  one 
laborer  per  1,000  ft.  b.m.  Complicated  wall,  floor  and  girder 
forms  will  require  about  twice  the  above  time  for  the  carpenters 
and  about  the  same  time  for  common  labor  in  performing  the 
corresponding  operations. 

The  cost  of  forms  more  nearly  varies  with  the  area  of  the 
concrete  or  form  surface  than  with  the  yardage  of  concrete, 
although,  as  before  stated,  the  cost  depends  largely  upon  the 
nature  of  the  work  and  the  skill  with  which  it  is  handled.  The 
following  figures  show  form  costs  of  the  Aberthaw  Construction 
Co.  in  terms  of  form  areas:1 


Cost  in  Cents  Per  Sq.  Ft.  op  Form  Surface 


Flat  Slabs 

Walls 

Girders 

Beams 

Columns 

Framing  

1.25 

1.25 

1.75 

1.75 

2.50 

Erecting  

2.50 

4.50 

3.25 

3.25 

5.33 

Stripping  

0.70 

0.70 

1.00 

1.00 

1.00 

Total  

4  to  5 

6  to  7 

5  to  6 

5  to  6 

8  to  9 

The  above  figures  are  based  on  wages  as  follows : 

Carpenter  foreman,  $30  to  $40  per  week 

Stripping  gang,  $24  per  week 

Mill  men,  50  cents  per  hour 

Asst.  mill  men,  35  cents  per  hour 

Labor,  30  cents  per  hour. 

These  costs  are  25  to  40  per  cent  less  than  where  form  work  is 
not  carefully  planned  and  systematically  executed. 

Stresses  in  Forms. — Owing  to  the  temporary  character  of 
concrete  forms,  higher  unit  stresses  may  be  used  than  would  be 
ordinarily  allowable  in  permanent  design.    However,  the  maxi- 

1  Concrete,  Aug.,  1918. 
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mum  deflection  should  always  be  considered  and  deflections  that 
will  mar  the  appearance  of  the  structure  should  not  be  allowed. 
Usually  3^  to  ^  in-  will  represent  the  maximum  allowable 
deflections  depending  upon  the  character  of  the  structure. 


In  calculating  the  stresses  in  forms,  diagrams  of  various 
relationships  of  frequent  occurrence  may  be  used  to  advantage. 
Figure  216  shows  diagrams  devised  by  A.  Norman  Laird1  for 
1  Engineering  Neivs-Record,  Sept.  6,  1917. 
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selecting  the  span  for  sheathing  for  various  heads  of  concrete, 
and  for  the  proper  depth  of  beam  to  support  any  given  load. 
The  manner  of  using  the  table  is  the  same  in  each  case.  For 
example,  to  ascertain  the  allowable  span  for  1-in.  sheathing 
under  a  head  of  concrete  of  8  ft.  using  an  allowable  working 
stress  of  1,000  lbs.  per  square  inch,  enter  the  diagram  at  the  upper 
right  hand  side  at  1,000,  trace  up  to  the  8-ft.  line,  and  then  across 
to  the  1-in.  sheathing  line,  and  then  down  to  15  in.  as  the  allow- 
able span.    The  other  diagrams  are  used  in  a  similar  manner. 


Fig.  217. — Pile  bents  used  as  centering. 


The  above  diagrams  are  typical  of  many  that  may  be  devised 
which  greatly  facilitate  the  calculations  involved  in  the  design  of 
forms. 

Arch  Centers. — The  supporting  falsework  for  masonry  arches 
is  commonly  called  the  centering"  or  the  " centers."  Arch 
centering  may  be  constructed  in  a  number  of  ways,  the  mode  of 
construction  best  adapted  depending  on  the  type  and  span  of 
the  arch  being  erected,  the  character  of  the  crossing,  the  number 
of  spans,  etc.  The  types  of  arch  centers  most  commonly  used 
are  pile  bents  as  illustrated  in  the  190-ft.  span  of  the  Alaman- 
dares  River  bridge1  Fig.  217,  (2)  frame  bents  as  illustrated  in  a 
102-ft.  span  of  the  same  bridge,  (3)  wood  truss  supported  on 
tower  bents,  (4)  frame  bents  supported  on  steel  trusses  as 
illustrated  in  the  281-ft.  Monroe  Street  bridge  at  Spokane,2 
Fig.  218,  and  in  the  Kansas  River  bridge  at  Lawrence,  Kansas, 
and  (5)  steel  arches,  usually  of  the  three  hinged  type,  as 
used  in  123  to  181-ft.  spans  of  the  Detroit-Superior  viaduct 

1  Trans.  Am.  Soc.  C.  E.,  vol.  74,  p.  215. 

2  Engineering  News,  May  4,  1911. 
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and  for  the  Tunkhannock  viaduct  of  the  Lackawanna  R.  R. 
Fig.  74. 1  Steel  arch  centers  usually  rest  on  a  special  projecting 
ledge  on  the  piers. 


The  primary  requisites  of  masonry  arch  centering  are  (1) 
rigidity,  (2)  minimum  amount  of  material,  (3)  ease  of  erection, 
(4)  simplicity  in  arrangement  for  "striking"  or  removing  the 

1  Engineering  News,  Sept.  2,  1915. 
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centers  without  injury  to  the  masonry,  (5)  possibility  of  repeated 
use. 

Usually  it  is  good  economy  to  build  arch  forms  and  centers 
with  complete  assurance  of  rigidity  even  at  the  expense  of 
additional  material  and  labor,  for  lack  of  rigidity  may  not  only 
cause  trouble  in  the  placing  of  the  concrete  but  it  may  seriously 
alter  the  distribution  of  stresses  in  the  completed  arch  by 
altering  the  curve  of  the  arch  ring.  Timber  trusses  of  any 
considerable  length  are  lacking  in  rigidity  and  hence  are  seldom 
employed.  An  allowance  of  %  to  V/2  inches  is  sometimes  made 
for  settlement  at  the  crown  when  the  masonry  is  put  in  place 


Fig.  219. — Timber  centers  on  steel  trusses   used  in  constructing  Lawrence, 

Kansas,  bridge. 

with  a  further  allowance  of  perhaps  ^  inch  when  the  centers  are 
struck  and  the  arch  is  permitted  to  carry  the  dead  load.  How- 
ever, so  great  a  settlement  as  this  should  not  occur  if  the  centers 
are  properly  designed.  As  stated  in  another  place  (p.  190), 
some  engineers  virtually  hinge  their  arches  until  all  settlement 
and  shrinkage  have  occurred  and  then  fill  the  hinges  with  con- 
crete in  order  that  the  settlement  may  not  induce  strains  not 
provided  for  in  the  design. 

In  the  case  of  single  arch  spans,  timber  centering  is  commonly 
used  and  is  usually  the  most  economical,  but  for  bridges  consist- 
ing of  many  spans  of  similar  length,  steel  centers  may  be  used  to 
advantage.  For  arches  high  above  the  stream  bed,  particularly 
where  pile  driving  is  difficult  or  where  timber  falsework  is  likely 
to  be  carried  away  by  flood  or  ice,  steel  centers  of  the  three 
hinged  type  are  advantageous.    The  deflection  of  steel  arch 
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forms  of  the  three  hinged  type  is  less  than  for  the  usual  timber 
forms  or  for  steel  trusses  with  horizontal  chords.    The  chief 


Fig.  220.— Forms  for  groined  arches  at  Whitinsville,  Mass.    Showing  method 

of  construction. 

difficulty  in  the  use  of  steel  forms  arises  from  the  expansion  and 
contraction  due  to  temperature  changes. 
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The  device  most  commonly  utilized  for  lowering  arch  centers 
consists  of  wedges  inserted  beneath  the  posts  or  framework 
which  support  the  segments  to  which  the  lagging  is  attached. 
However,  sand  boxes,  or  cylinders  filled  with  sand  are  sometimes 
used  to  support  the  end  of  steel  falsework  in  the  erection  of  large 
arches.  The  chief  disadvantages  of  the  use  of  sand  boxes 
is  that  the  sand  compresses  as  the  weight  comes  upon  it  thus 
increasing  the  depression  of  the  falsework,  and  also  that  the 
arch  centers  are  difficult  to  raise  in  making  minor  adjustments 
to  elevation.  When  sand  is  used,  it  should  be  kept  dry  because 
wet  sand  is  much  more  compressible  than  dry  sand,  and  more- 
over, the  release  of  the  sand  through  holes  at  the  bottom  of  the 
boxes  can  be  more  readily  effected  with  dry  sand.  Centers 
consisting  of  three  hinged  steel  arches  are  frequently  struck  by 
means  of  a  toggle  at  the  center  hinge. 

For  groined  arches,  steel  forms  are  advantageously  used 
because  of  the  possibility  of  repeated  use.  Fig.  2201  shows 
the  construction  of  wooden  forms  for  groined  arches  over  water 
filters  at  Whitinsville,  Mass.  built  in  1919  by  Metcalf  and 
Eddy,  Consulting  Engineers. 

Removal  of  Forms. — The  length  of  time  that  forms  should 
remain  on  concrete  depends  chiefly  upon  (1)  the  temperature 
and  humidity  of  the  air,  (2)  the  nature  of  the  structure  and  (3) 
the  ratio  of  dead  to  live  load.  It  should  be  increased  for  low 
temperatures  and  lack  of  humidity  and  for  highly  reinforced 
members  and  for  members  sustaining  a  high  ratio  of  dead  to 
live  load.  Forms  in  place  retain  heat  and  moisture  and,  hence, 
improve  the  conditions  of  curing.  The  following  statements 
represent  average  practice  as  to  the  time  forms  should  be  left 
in  place,  the  lower  figure  being  for  summer  temperatures  and 
the  upper  for  cold  weather:  Mass  concrete,  2-5  days;  thin  walls 
and  columns,  3-12  days;  beams  and  slabs,  10-28  days;  long  span 
arches,  21-28  days.  For  hot  dry  climates,  these  limits  should 
be  increased  25  to  50  per  cent. 

1  Courtesy  Metcalf  &  Eddy,  Consulting  Engineers,  Boston,  Mass. 
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FOUNDATIONS  ON  DRY  GROUND 

Introduction.— By  foundation  is  meant  that  portion  of  a 
structure  whose  function  is  to  secure  adequate  support  on  the 
earth  for  carrying  the  main  structure  with  its  superimposed  loads. 
According  to  the  nature  of  the  processes  involved  in  construc- 
tion, foundations  may  be  divided  into  two  classes;  (a)  founda- 
tions on  essentially  dry  earth  where  no  special  provision  need  be 
made  for  excluding  water  other  than  a  moderate  amount  of 
pumping,  (sometimes  called  ordinary  foundations)  and  (b), 
those  below  the  water  surface  either  in  a  body  of  water  or  below 
the  natural  water  table  in  porous  soils  near  the  edge  of  a  body 
of  water  where  special  provision  must  be  made  for  the  exclusion 
of  water.  The  latter  class  may  be  divided  into  two  types, 
namely,  (1)  open  foundations  subject  to  the  natural  atmospheric 
pressure  and  (2)  pneumatic  foundations,  where  a  higher  air 
pressure  is  used  under  an  inclosed  structure  for  excluding  the 
water. 

In  any  case,  the  purpose  of  the  foundation  is  to  secure  an 
adequate  bearing  on  the  earth,  and  this  is  accomplished  by 
excavating  down  to  an  earth  stratum  which  has  sufficient 
bearing  capacity  to  sustain  the  loads  coming  upon  the  loaded 
area  without  undue  settlement.  The  foundation  is  usually 
spread  over  an  area  greater  than  the  base  of  the  primary  struc- 
ture in  order  to  distribute  the  load  to  an  area  sufficient  to  sustain 
the  total  load  with  an  allowable  soil  pressure.  Obviously  there 
are  three  primary  problems  involved  in  the  design  of  foundations, 
viz.,  (1)  the  bearing  capacity  of  various  soils  or  earth  strata,  (2) 
methods  of  spreading  the  foundation  to  secure  sufficient  area 
of  bearing,  and  (3)  methods  of  sinking  the  foundation  to  an 
earth  stratum  that  will  have  sufficient  bearing  capacity  to 
sustain  the  loads  with  a  practical  spread  of  the  foundation. 

Earth  Surface  Formations. — Geology  has  shown  that  the 
earth  consists  of  various  rock  formations  covered  with  a  mantle 
of  unconsolidated  products  of  rock  disintegration,  called  the 
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regolith,  or  more  commonly,  the  soil,  although  agriculturists 
use  the  term  soil  in  a  somewhat  different  sense.  The  rock 
formations  consist  of  one  large  irregular  mass  roughly  in  the 
shape  of  a  sphere  consisting  of  unstratified  granite-like  materials, 
the  irregularities  rising  high  in  the  air  as  mountains  at  places, 
and  the  indentations  between  the  irregularities  being  occupied 
by  various  strata  of  limestone,  sandstone,  shale,  slate,  etc. 
Over  the  whole,  except  in  mountainous  areas,  is  the  mantle,  or 
regolith,  of  unconsolidated  materials  varying  in 'thickness  from 
nothing  where  the  central  core  of  igneous  rock  is  exposed  in  the 
mountainous  regions  to  several  thousand  feet  in  valley  regions. 
This  regolith  has  been  formed  by  various  agencies  and  is  the 
result  not  only  of  rock  decomposition  directly  but  of  rock  trans- 
portation as  well.  The  main  agencies  of  rock  decomposition 
are  heat,  freezing,  water  action,  wind,  and  attrition  by  move- 
ment, while  the  main  agencies  of  transportation  are  water,  wind, 
glacial  ice,  and  gravity.  The  stratified  layers  of  sandstone, 
limestone,  etc.  are  the  result  of  segregating  and  collecting  this 
material  over  an  area  and  consolidating  it  under  pressure  from 
superimposed  material. 

According  to  the  mode  of  formation,  soils  may  be  classified 
as  follows:1 

1.  Sedimentary: 

(a)  Residual  deposits:  Residuary  gravels,  sands  and  clays,  wacke, 

laterite,  terra  rosa,  etc.; 

(b)  Cumulose  deposits:  Peat,  muck,  swamp  soils,  muskeag,  etc. 

2.  Transported: 

(a)  Colluvial:  Talus  and  cliff  debris  and  material  of  avalanches; 

(b)  Alluvial:  Modern  alluvium,  marsh  deposits,  clays,  etc.; 

(c)  Aeolian:  Wind  blown  material,  sand  dunes,  abode  and  loess,  in 

part; 

(d)  Glacial  deposits:  Morainal  material,  drumlins,  eskers,  etc. 

Colluvial  deposits  include  the  heterogenous  masses  of  rock 
waste  that  have  accumulated  by  the  action  of  gravity,  while 
alluvial  deposits  having  been  formed  by  running  water  are  usu- 
ally definitely  stratified.  In  general,  only  residual  deposits  or 
glacial  deposits  may  be  expected  to  have  sufficient  bearing 
capacity  for  heavy  foundations. 

According  to  texture,  soils  may  be  classified  as  sand,  sandy 
loam,  and  clay.    Loam  is  a  mixture  of  sand,  clay  and  a  varying 

1  H.  Ries  and  T.  L.  Watson,  "Engineering  Geology,"  p.  241. 
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amount  of  organic  matter.  Gumbo  is  a  dark  colored,  very  sticky, 
highly  plastic  clay,  occurring  abundantly  in  the  central  and 
southern  parts  of  the  United  States.  Adobe  is  a  sandy,  calcare- 
ous clay  occurring  in  the  southwestern  part  of  the  United  States. 
Loess  is  a  clay-like  material  that  is  largely  siliceous  and  calcareous 
in  its  composition,  which  occurs  in  thick  beds  in  many  places 
and  is  characterized  by  its  vertical  cleavage  causing  it  to  form 
steep  precipitous  cliffs.  Hardpan  is  a  rather  loosely  used  term, 
but  is  most  commonly  applied  to  a  very  dense  heterogeneous 
mass  of  clay,  sand  and  gravel  of  glacial  drift  origin.  Quicksand 
is  a  condition  of  soil  rather  than  a  type  of  soil.  Any  fine  granular 
soil  carrying  water  under  a  head  is  called  quicksand  because  of 
its  tendency  to  flow  from  under  a  superimposed  load. 

Supporting  Capacity  of  Earth  Formations. — The  supporting 
capacity  of  various  earth  formations  varies  from  several  hundred 
tons  per  square  foot  for  solid  rock  in  deep  beds  to  practically 
nothing  for  saturated  silt,  and  it  depends  upon  (a)  the  character 
of  the  formation,  (b)  the  bedding  and  stratification  of  this 
particular  formation  and  (c)  the  degree  of  saturation  of  this 
formation  with  water. 

The  general  character  of  earth  formations  was  recalled  in 
the  preceding  paragraph.  Flood  plains  and  alluvial  deposits 
generally  are  non-homogeneous  in  their  composition  and  need 
to  be  studied  with  care  in  order  to  determine  the  proper  bearing 
to  be  assigned  to  them.  Their  bearing  capacity  will  generally 
be  determined  by  the  most  porous  material  contained  in  their 
make-up.  Glacial  deposits  may  vary  from  pockets  of  small  size 
to  formations  covering  a  wide  area,  and  their  extent  must  be 
studied  when  such  formations  are  utilized  as  foundation  beds. 
Thin  strata  of  rock,  especially  when  badly  fissured,  afford  very 
little  better  foundation  bed  than  does  the  stratum  beneath  the 
rock.  Solid  rock  should  mean  a  solid  unfissured  stratum  not 
less  than  10  or  12  feet  thick.  Muck  and  peat  soils  (cumulose), 
such  as  are  found  in  Louisiana  and  other  southern  states  almost 
inevitably  settle  when  subjected  to  load  and  foundations  should 
be  built  on  such  with  caution. 

The  present  condition  of  the  soil  should  be  taken  into  con- 
sideration, and  its  probable  behavior  when  exposed  to  the 
weather,  if  it  is  to  be  exposed,  for  many  formations  such  as  some 
shales,  clays,  etc.,  disintegrate  and  are  changed  in  their  properties 
when  so  exposed. 

28 
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The  influence  on  the  plasticity  of  soil  depends  upon  the  texture 
of  the  latter.  The  amount  of  water  present  is  about  as  follows 
for  different  degrees  of  moisture.1 

Per  Cent 

Dry   0-5 

Damp   5-10 

Moist   10-15 

Wet   15-25 

Saturated   25-35 

Fluid   35- 

Table  XXXIII  taken  from  the  Progress  Report  of  the  Com- 
mittee on  Bearing  Value  of  Soils  of  the  Am.  Soc.  C.  E.,  1920, 
gives  the  practice  in  various  cities  of  the  U.  S.  and  Fig.  221  from 


25 


20 


O 
CD 


Unconsolidated 


For  Index  Numbers  See  Table 


CHARACTER  OF  SOILS 


Material- 
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Index  Number. 

Fig.  221. — Chart  for  allowable  soil  pressures. 

the  same  report  gives  allowable  bearing  values  of  soils  with 
index  numbers  listed  in  Table  XXXIII.  Practically  no  settle- 
ment should  be  expected  to  occur  in  foundations  loaded  within 
the  range  of  the  pressures  cited. 

While  no  settlement  of  foundations  at  all  is  desirable,  yet  in 
many  cases  where  the  settlement  is  uniform,  it  occurs  without 
serious  harm.  Buildings  in  Chicago  resting  on  "floating" 
foundations  on  clay  have  sunk  from  8  to  30  in.2  without  serious 

1  Proc.  Am.  Soc.  C.  E.,  Report,  Committee  on  Bearing  Value  of  Soils, 
March,  1916. 

2  Engineering  Record,  July  29,  1905. 
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Table  XXXIII. — Allowed  Bearing  Values  on  Soils  at  Various 
Cities,  in  Tons  per  Square  Foot 


Index  number 


Index  number 


1.  Quicksand  and  alluvial  soil. 

2.  Soft  clay. 

3.  Wet  clay  and  soft  wet  sand. 

4.  Moderately  dry  clay,  and  fine  sand,  clean 

and  dry. 

5.  Clay  and  sand  in  alternate  layers. 

6.  Firm  and  dry  loam  or  clay,  or  hard  dry  clay 

or  fine  sand. 

7.  Compact  coarse  sand,  stiff  gravel,  or  natural 

earth. 


8.  Coarse  gravel,  stratified  stone  and  clay, 

or  rock  inferior  to  best  brick  masonry. 

9.  Gravel  and  sand  well  cemented. 

10.  Good  hardpan  or  hard  shale. 

11.  Good  hardpan  or  hard  shale  unexposed 

to  air,  frost  or  water 

12.  Very  hard  native  bed-rock. 

13.  Rock  under  caisson. 
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injury  to  the  structure  because  the  integrity  of  the  foundations 
was  not  impaired  by  the  settlement.  Most  of  the  settlement 
occurs  from  dead  load  during  construction  as  the  dead  load  is 
gradually  applied,  and  as  this  initial  settlement  causes  the  sur- 
rounding soil  to  be  more  resistant,  a  lower  allowable  unit  load 
should  be  used  in  structures  or  parts  of  structures  which  take 
live  load  early.  For  example,  the  columns  at  the  stairs  of  the 
Masonic  Temple  in  Chicago  received  their  load  after  the 
remainder  of  the  structure  had  taken  its  initial  settlement  and 
consequently  the  settlement  in  these  stair  towers  was  small 
compared  with  the  columns  under  other  parts,  a  fact  which 
deranged  the  connections  to  a  considerable  extent.  Obviously 
the  amount  of  settlement  of  foundations  allowable  will  depend 
upon  the  character  of  building,  the  amount  permissible  for  a 
cathedral  or  similar  structure  containing  highly  ornamental 
masonry  being  decidedly  less  than  for  a  steel  highway  bridge. 

Causes  of  Failure  Due  to  Soil  Behavior. — The  failure  of  a 
foundation  may  merely  result  in  marring  the  appearance  of  the 
superstructure  or  it  may  cause  the  complete  wrecking  of  the 
superstructure,  depending  upon  the  extent  of  the  failure  in 
the  foundation  and  upon  the  character  of  the  structure. 

The  Committee  of  the  Am.  Soc.  of  C.  E.  on  Bearing  Value  of 
Soils  have  classed  failures  due  to  soils  under  five  heads,  namely, 
compression,  flowing,  sliding,  erosion  and  chemical  changes.  The 
following  discussion  is  taken  from  the  1920  report  of  that 
committee. 

1.  Compression 

"a.  From  Unequal  Loading  within  the  Elastic  Limit  of  the  Soil. — Prac- 
tically all  soils  possess  elastic  properties,  the  amount  depending  on  the 
character  and  quantity  of  the  cementing  material  giving  it  cohesion  and 
the  water  content.  If  unequal  loads  per  unit  of  area  are  placed  on  such 
soil,  unequal  settlements  will  take  place.  The  soil,  however,  will 
recover  on  the  removal  of  the  loads  unless  the  latter  are  great  enough  to 
overcome  its  elastic  properties,  by  breaking  down  its  cohesion.  Such 
action  is  most  apparent  at  some  depth  beneath  the  surface,  as  displace- 
ment is  retarded  by  the  restraining  action  of  the  surrounding  soil.  This 
unequal  settlement,  though  slight,  may  be  sufficient  with  certain  soils 
and  structures  to  cause  trouble. 

As  evidence  of  such  action  the  rebound,  or  rising,  after  releasing  the 
jacks,  of  piles  forced  into  the  soil  by  direct  pressure,  maybe  mentioned. 
The  action  is  also  apparent  on  releasing  jacks  and  wedges  when  cribwork 
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is  used  in  temporarily  supporting  heavy  loads,  as  in  the  underpinning  of 
buildings,  etc. 

"b.  From  Loss  of  Cohesion. — The  cementing  material  is  that  which 
sometimes  binds  a  sand  or  gravel  and  gives  it  a  certain  degree  of  stability 
as  long  as  the  cementing  holds,  even  though  such  cementing  is  not 
sufficiently  firm  to  permit  the  material  to  be  classed  as  sandstone,  as  it 
would  be  if  the  cementing  were  more  secure.  Compression  of  material 
of  this  kind  corresponds  to  the  crushing  of  soft  rock.  It  means  the 
destruction  of  the  structure  of  the  cemented  material  and  the  conversion 
of  the  mass  into  a  granular  material  without  cementation.  This 
change  is  normally  accomplished  by  a  decrease  in  volume. 

"c.  From  Crushing  Edges  of  the  Grains. — When  a  granular  material 
is  closely  packed,  weight  is  transmitted  through  it  on  a  bearing  surface 
represented  by  the  narrow  edges  of  many  grains.  When  the  pressure 
is  increased,  some  of  these  edges  are  stressed  beyond  the  breaking  point 
and  break,  and  this  is  accompanied  by  compression  of  the  material. 
When  the  latter  is  composed  of  hard-grained  silicious  materials,  the 
amount  of  compression  under  pressures  commonly  used  in  engineering 
works  is  usually  so  small  that  it  may  be  neglected.  When,  however, 
the  granular  material  consists,  in  whole  or  in  part,  of  grains  of  softer 
material,  compression  in  this  way  may  become  of  practical  importance. 

"d.  From  Shrinkage  of  Organic  Matter. — Materials  may  be  con- 
sidered as  containing  from  0  to  100  per  cent  of  organic  matter,  ranging 
from  clean  sands  deep  below  the  surface,  practically  free  from  organic 
matter,  through  loams,  poor  surface  soils,  and  river  silts  containing 
from  2  to  10  per  cent  or  more  of  organic  matter,  up  to  rich  surface  soils 
and  mucks,  and,  finally,  to  peat,  which  is  practically  all  organic  matter. 
Many  of  these  organic  materials  are  subject  to  compression  under  pres- 
sure. Such  materials  are  not  ordinarily  built  upon,  but  they  must  be 
included  in  the  classification,  for  completeness. 

"e.  From  Loss  of  Water  Content. — This  relates  to  fine-grained 
materials,  containing  so  much  water  in  their  voids  that  some  of  it  may 
be  forced  out.  Under  loading  such  material  tends  to  become  com- 
pressed, but  the  rate  at  which  compression  takes  place  is  limited  by  the 
rate  at  which  the  excess  quantity  of  water  is  able  to  make  its  exit,  and 
this  depends  on  the  facilities  for  draining,  including  the  resistance  of  the 
material  to  the  passage  of  water.  If  the  material  were  clay,  so  fine  in 
grain  as  to  be  perfectly  water-tight,  the  water  could  never  make  its 
exit  and  the  particles  would  then  not  be  compressible.  With  a  slightly 
larger  grain  size  the  water  would  be  slowly  forced  out,  but  it  is  possible 
that  the  rate  of  exit  would  be  so  slow  that  a  gradual  settlement  might 
take  place,  extending  even  through  a  long  term  of  years.  This  condi- 
tion is  found  in  some  hydraulic  fills,  and  it  seems  to  be  the  most  probable 
explanation  of  some  cases  where  steady  and  long  continued  slow  settle- 
ment takes  place. 
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"However,  in  undisturbed  soils  that  have  been  long  subjected  to  natural 
fluctuations  in  the  water  level,  a  stable  condition  of  grain  structure  may 
exist,  in  which,  with  light  loading,  no  appreciable  compression  may- 
appear,  yet  the  loss  of  water  content  may  be  considerable.  This 
natural  condition  has  been  found  in  transported  soils  along  the  banks 
and  contiguous  to  some  rivers  and  tidal  streams.  It  is  a  structural 
condition,  the  existence  of  which  should  be  proven,  and  is  attributable 
to  the  manner  of  deposition  of  the  soil.  If  subjected  to  loading  without 
investigation,  it  might  cause  trouble. 

2.  Flowing 

"/.  From  Saturation. — Any  granular  material  temporarily  saturated 
with  water  may  flow.  The  condition  of  saturation  may  be  brought 
about  in  either  of  two  ways,  first  by  flow  of  water  of  sufficient  strength 
through  a  material  to  move  the  grains  slightly  apart,  thus  increasing 
temporarily  the  volume  of  the  material  and  making  "quicksand"  of  it; 
or  second,  by  the  sudden  compression  or  movement  of  material  com- 
pletely saturated  with  water. 

"g.  From  Lack  of  Cohesion  under  the  Influence  of  W eight  and  Pressure. 
This  is  the  most  commonly  considered  case  of  flowing.  It  has  been 
more  fully  treated  and  is  perhaps  better  understood  than  any  of  the 
others. 

"h.  From  Exceeding  Cohesive  Strength. — This  differs  from  (g)  in  that 
cohesion  plays  an  important  part  in  limiting  the  flow.  The  flow  is 
frequently  slow  and  corresponds  to  that  of  an  extremely  thick  or  viscous 
liquid.  Such  flow  ordinarily  will  not  begin  until  certain  limits  of  stress 
have  been  exceeded  for  that  material,  but  when  once  begun,  it  will 
ordinarily  continue  under  much  lower  limits  of  stress  than  were  necessary 
to  start  the  motion.  In  this  respect  the  flow  of  material  results  from  the 
breaking  down  of  a  certain  weak  structure  due  to  cohesion  or  cementing, 
and  is  to  be  compared  with  the  movement  previously  mentioned  under 
(6). 

3.  Sliding 

11  j,  From  Sliding  of  Bodies  of  Material  on  an  Underlying  and  Usually 
Inclined  Layer  of  Lubricating  Material,  Frequently  Aided  by  Water: 
Particular  Case  of  (h). — This  may  be  illustrated  by  landslides,  such  as 
that  of  the  hillside  on  which  some  of  the  Portland,  Ore.,  reservoirs  are 
located. 

"k.  From  Sliding  of  Previously  Immersed  Material  When  Water 
Level  is  Quickly  Lowered;  Particular  Case  of  (h). — By  floods  or  a  sudden 
recession  of  the  water  level,  bodies  of  saturated  materials  become  un- 
stable and  slide  when  relieved  of  the  balancing  water  pressure.  This 
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has  caused  trouble  in  the  slopes  of  dams  and  natural  and  artificial  water- 
ways. 

"I.  From  Sliding  of  a  Structure  on  the  Soil. — When  such  failures  take 
place  and  reduction  of  the  frictional  resistance  between  the  soil  and 
structure  has  developed,  the  latter  slides  on  the  soil  without  any  disturb- 
ance of  the  underlying  material. 

um.  From  Sliding  of  a  Structure  Together  with  the  Soil. — Extensive 
areas  sometimes  move  taking  with  them  entire  structures  without  local 
disturbance  due  to  the  structures  themselves. 

4.  Erosion 

"n.  From  Flowing  Water  and  the  Fluctuation  of  the  Water-table. — 
Examples  of  trouble  by  reason  of  flowing  water  are  evidenced  at  fre- 
quent intervals.  Notably  in  the  case  of  water-front  and  harbor  works 
when  tidal  water  rises  behind  such  structures  and  causes  erosion  at 
stages  of  low  water,  and  in  the  case  of  structures  in  or  adjacent  to 
streams,  by  erosion  around  bridge  piers,  abutments,  etc.,  requiring 
rip-rap  for  their  protection. 

"The  flowing  of  underground  water  has  created  sink  holes,  caverns, 
fissures,  and  caused  trouble  by  undiscovered  conditions  of  the  soil. 

"Failures  of  dams  and  levees  have  been  caused  by  the  percolating  of 
water,  and  the  consequent  erosive  action,  by  transporting  the  fine 
material  of  the  foundation  beneath  the  structure  through  the  body  of  the 
dam  or  levee  or  overtopping  the  crest. 

"o.  From  the  Wind. — The  action  of  the  wind  causing  erosion  of  the 
soil  adjacent  to  structures  is  evident  at  many  points  where  such  struc- 
tures are  founded  on  the  fine  sand  along  lake  or  seacoast  or  desert 
land. 

"p.  From  Weathering  and  Frost. — Erosive  action  by  frost  is  also 
apparent  in  northern  latitudes  when  structures  are  not  founded  entirely 
below  the  frost  range.  This  causes  heaving  of  the  material  adjacent 
to  the  exposed  face,  and,  on  thawing,  softening  of  the  material  beneath 
the  structure,  allowing  slight  settlement  because  of  the  reduced  bearing 
value  of  the  soil. 

"When  the  exposed  surface  of  the  soil  is  inclined,  the  softening  action 
of  the  sun  and  the  freezing  of  the  water  content  causes  a  tendency  for  the 
material  to  pass  on  down  the  slope.  This  action  is  sometimes  apparent 
in  railroad  cuts  where  overhead  bridge  structures  are  built  to  carry 
highways  over  the  railroads.  Unless  the  foundations  for  such  structures 
are  carried  to  considerable  depths,  it  is  not  uncommon  after  a  few  years 
to  find  that  the  movement  of  the  soil  from  frost  and  sun  combined  has 
exposed  a  considerable  portion  of  the  masonry  which  was  originally 
beneath  the  ground  surface. 
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5.  Chemical  Changes. 

"q.  While  chemical  changes  rarely  appear  to  be  the  direct  cause  of 
soil  troubles  they  are  included  for  the  sake  of  completeness.  All 
movements  growing  out  of  changes  in  the  chemical  composition  of  the 
material,  particularly  oxidation  and  hydration  of  deep-lying  materials 
when  exposed  to  the  action  of  air  and  water  during  the  progress  of  the 
work,  may  cause  trouble." 

Explorations  and  Tests. — The  importance  of  making  a  thor- 
ough exploration  of  the  foundation  site  cannot  be  over-emphasized. 
Inadequate  information  in  this  respect  may  result  in  increased 
cost  of  the  structure  if  not  in  its  ultimate  failure.  For  example, 
in  boring  with  a  core  drill  in  what  seemed  to  be  solid  bed  rock  in 
examining  the  site  of  a  high  bridge  pier,  on  which  the  author 
was  engaged,  an  extensive  mine  opening  was  discovered  beneath 
the  site  which  maps  had  not  revealed,  and  it  was  deemed  advis- 
able to  fill  this  opening  with  concrete  before  founding  the  pier. 
In  another  case,  a  bridge  pier  was  placed  on  what  seemed  to  be 
hardpan,  and  after  the  bridge  was  completed  the  pier  sank  into 
the  river  causing  the  loss  of  two  bridge  spans  and  of  several 
lives.  Investigation  revealed  the  fact  that  the  hardpan  was 
merely  a  thin  stratum  overlying  a  soft  clay.  A  bridge  over 
Claverack'  Creek,  N.  Y.  failed1  when  the  piers  rested  on  a 
cemented  sand  and  gravel  bed  7  to  20  ft.  thick  overlying  a 
stratum  of  very  unstable  clay  about  100  ft.  thick.  A  cement 
plant  about  100  yd.  away  three  years  previously  had  settled  due 
to  this  same  stratum  of  soft  clay.  Another  instance  of  subsi- 
dence of  bridge  piers  at  another  location  resulted  from  the  presence 
of  a  10-ft.  layer  of  peat  35  ft.  below  the  surface. 

Numerous  other  instances  of  failure  of  structures  resulting 
from  an  inadequate  study  of  foundation  might  be  cited,  but 
enough  has  been  said  to  call  attention  to  the  importance  of 
making  a  thorough  investigation  of  the  foundations  under 
important  structures. 

Methods  of  Making  Explorations. — Examination  of  a  founda- 
tion site  should  be  made  to  ascertain  (a)  the  nature  and  (b) 
the  extent  of  the  earth  formations  that  will  probably  constitute 
the  foundation  bed.  There  are  several  methods  of  procedure, 
chief  of  which  are  (1)  driving  test  rods,  (2)  boring  with  an  auger, 
(3)  drilling  test  holes,  (4)  core  drilling,  (5)  making  wash  borings, 

1  Engineering  News-Record,  Mar.  28,  1918. 
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(6)  digging  test  pits,  (7)  driving  test  piles,  and  (8)  applying  test 
loads. 

A  test  rod  usually  consists  of  a  solid  rod  or  of  gas  pipe  1  to  Vy^ 
in.  in  diameter  driven  by  means  of  a  maul  and  turned  under 
each  blow  by  means  of  a  pipe  wrench.  Very  meagre  information 
is  obtainable  by  this  method,  although  if  driven  successively 
over  the  entire  area  of  the  foundation  bed,  it  may  reveal  the 
presence  of  soft  strata.  Obstructions  such  as  boulders,  logs, 
etc.  may  give  an  erroneous  impression  of  what  is  to  be  encountered. 
The  method  is,  therefore,  very  unreliable. 

An  ordinary  wood  auger,  2  to  2%  in.  in  diameter,  welded  to  a 
section  of  gas  pipe  to  which  other  sections  may  be  screwed,  may 
be  used  in  making  borings.  The  handle  is  a  rod  about  2  ft. 
long  with  a  ring  at  the  middle  which  will  pass  over  the  couplings 
and  which  may  be  fixed  by  means  of  set  screws,  or  it  may  be  a 
section  with  a  T-coupling  at  the  middle  to  be  screwed  to  the  top 
of  the  uppermost  section.  A  tripod  or  head-frame  with  a  block 
and  chain  is  desirable  for  lifting  the  auger  from  the  hole.  The 
auger  must  be  lifted  every  few  turns,  at  which  times  it  brings  up 
samples  of  the  material  being  penetrated  for  examination  and 
record.  Borings  of  this  sort  can  be  made  as  deep  as  50  or  75  ft. 
at  about  35  cents  per  foot,1  and  the  method  has  been  used  for 
borings  100  ft.  deep.  A  special  form  of  earth  auger  which  may 
be  used  for  depths  up  to  about  50  ft.  advantageously  consists  of 
two  cutters  at  the  bottom  and  a  cylindrical  portion  above,  the 
cutting  portion  being  about  10  in.  long.  The  cutters  draw  the 
instrument  into  the  ground  and  the  cylindrical  portion  retains 
the  sample  of  the  material  penetrated. 

Test  holes  are  sometimes  driven  much  as  wells  are  driven,  the 
material  being  lifted  out  by  means  of  a  sand  bucket.  The  hole 
may  be  lined  with  steel  casing  where  the  depth  is  great  or  where 
sand  or  other  fluid  material  is  penetrated.  The  possible  depth 
and  the  cost  of  such  test  holes  depend  greatly  upon  the  materials 
encountered.  At  Milwaukee,  with  a  nest  of  pipes  varying  from 
4  to  10  in.  in  diameter,  a  hole  was  driven  115  ft.  at  a  cost  of 
$2.25  per  foot. 

Wash  borings  are  put  down  with  a  drill  bit  and  drill  rod  similar 
to  those  used  in  drilling  wells,  with  the  exception  that  the  drill 
stem  is  a  hollow  pipe  down  which  water  can  be  forced  by  means 
of  a  force  pump.    The  water  escapes  through  openings  in  the 

1  Canadian  Engineer,  vol.  29,  p.  321. 
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bottom  of  the  drill  bit  and  washes  the  spoil  or  debris  up  to  the 
top  of  the  hole  through  the  space  between  the  drill  stem  and  the 
casing.  The  casing  consists  ordinarily  of  steel  or  iron  pipe  and 
is  sunk  by  rotating  and  jarring  by  means  of  a  block  at  the  top  of 
the  hole  attached  to  a  derrick.  Holes  can  be  sunk  in  this 
manner  through  loam,  clay,  hardpan,  sand,  gravel  or  shale, 
the  cost  varying  from  $0.25  to  $1.00  per  foot  depending  upon  the 
character  of  the  material  penetrated  and  the  depth  of  hole. 
Rock  drilling  requires  special  details. 

Core  drilling  through  rock  may  be  done  with  a  diamond  core 
drill,  water  being  forced  down  through  the  drill  stem  to  wash 
out  the  spoil,  much  as  in  the  case  of  wash  borings.  The  cost  of 
a  2-in.  core  usually  varies  from  about  $2.00  to  $4.00  per  foot. 
Several  rock  drills  are  on  the  market  which  are  considerably 
cheaper  than  diamond  drills  and  for  most  purposes  these  serve 
practically  as  well,  although  for  very  hard  rock,  the  diamond 
drill  will  be  found  economical. 

Test  pits  are  dug  either  circular  or  square  and  are  usually 
about  4  or  5  ft.  in  diameter.  Where  circular,  the  lining  consists 
of  sections  3  to  5  ft.  long  braced  by  iron  bands  in  semi-circular 
segments,  as  in  the  method  of  sinking  open  wells  for  concrete 
pier  foundations;  when  rectangular,  they  are  lined  with  lagging 
and  square-set  bracing  as  in  any  vertical  shaft.  The  cost  of 
such  test  pits  depends  upon  the  character  of  the  materials 
penetrated;  one,  sunk  under  the  author's  direction,  proved  very 
expensive  because  of  the  presence  of  quicksand  which  forced  its 
way  in  from  beneath  about  as  fast  as  it  could  be  removed.  In 
another  case,  rectangular  pits  proved  to  be  relatively  cheap 
because  the  materials  penetrated  were  such  as  not  to  exert  heavy 
lateral  pressure  on  the  lining. 

Where  it  is  impracticable  to  sink  such  test  pits  below  the  level 
of  the  foundation  bed,  it  is  usually  desirable  to  make  further 
exploration  to  a  greater  depth  by  means  of  bored  holes  in  the 
bottom  of  the  test  pits.  The  obvious  advantage  of  the  open  pit 
as  a  source  of  information  is  that  the  density  and  the  arrange- 
ment of  the  various  strata  can  be  readily  observed.  In  an 
extensive  foundation  over  a  fairly  uniform  geological  formation, 
a  single  open  pit  may  be  very  useful  in  interpreting  the  results 
of  auger  borings  or  other  simpler  examinations. 

Besides  an  examination  of  the  extent  and  character  of  the 
earth  formations  under  a  foundation,  direct  observations  are 
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commonly  made  on  the  supporting  capacity  of  the  soils.  Where 
a  pile  foundation  is  contemplated,  test  piles  may  be  driven.  As 
the  test  pile  is  driven,  careful  record  is  made  on  the  penetration 
under  the  last  five  blows  and  the  supporting  capacity  computed 
by  the  Engineering  News  pile 
formula  (see  p.  471).  Then 
a  platform  is  placed  on  the 
pile  and  loaded  until  it  sinks, 
or  until  the  load  is  consider- 
ably in  excess  of  the  proposed 
bearing  load.  Test  piles  are 
sometimes  driven  to  a  greater 
depth  than  the  ordinary  bear- 
ing piles  with  a  view  to 
ascertaining  information  con- 
cerning the  lower  earth  strata. 

Actual  test  loads  are  ap- 
plied by  loading  a  platform 
supported  by  a  single  leg  and 
observing  the  amount  of  set- 
tlement. Since  the  support- 
ing capacity  per  square  foot 
depends  upon  the  area  loaded, 1 
it  is  desirable  to  use  a  stan- 
dard mode  of  testing.  A  12 
by  12  in.  timber  has  been  so 
generally  used  for  the  support- 
ing or  bearing  timber  that 
this  size  may  be  said  to  be 
accepted  practice.  The  bot- 
tom of  the  bearing  timber 
should  rest  on  the  stratum  at 
the  bottom  of  the  excavation 

on  which  the  foundation  may  be  expected  to  be  placed,  and 
should  remain  60  to  72  hours,  observations  on  settlement  being 
taken  at  intervals.  See  Fig.  222.  The  safe  bearing  load  may 
be  estimated  on  the  basis  of  the  test  load  carried  as  follows: 
about  40  per  cent  of  the  load  carried  for  a  settlement  of  %  in. 
or  100  per  cent  of  the  load  carried  for  a  settlement  of  in.  or 
less.  Figure  223  shows  the  rate  of  settlement  with  time. 
1  Engineering  News,  Sept.  30,  1915. 
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Fig.  222. — Frame  for  applying  a  test 
load  to  soils. 
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After  the  explorations  have  been  completed,  typical  cross 
sections  of  the  site  showing  the  relative  positions  and  extent  of 
the  various  strata  should  be  plotted.  See  Fig.  102.  Samples  of 
the  materials  penetrated  in  washed  borings  placed  in  glass 
cylinders  with  the  thickness  of  the  layers  made  to  scale  and  in 
proper  sequence  afford  a  valuable  visual  record  of  the  results. 
Accurate  technical  descriptions  of  the  materials  penetrated 
should  be  kept  rather  than  loose  general  descriptions  involving 
vague  and  unscientific  field  terms. 


v0    0.1    0.2    0.3    04--  0.5    0.6    0.7    05   0.9  1.0 
Settlement   in  Inches 

Fig.  223. — Typical  rate  of  settlement  of  a  test  load. 

Types  of  Foundations  on  Dry  Soil. — With  respect  to  the  mode 
of  bearing  on  the  earth  and  the  mode  of  increasing  the  bearing 
area,  foundations  constructed  on  dry  earth  may  be  classified  as: 

A.  Direct,  or  unenlarged  bearing; 

B.  Spread  foundations : 

(a)  With  footings, 

(b)  On  grillage; 

C.  Floating  foundations : 

(a)  Mat  or  slab, 

(b)  Beam  and  slab, 

(c)  Inverted  arch  and  slab, 

(d)  Groined  arch; 
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D.  Open  well,  or  pier  foundations: 

(a)  Sheet  piling, 

(b)  Sectional  lagging; 

E.  Compacted  soil  foundations: 
(a)  Timber  compacting  piles, 
(i>)  Sand  and  stone  piles, 

(c)  Concrete  ingots  cast  in  depressions, 

(d)  Cupping  process; 

F.  Pile  foundations : 

(a)  Timber  piles, 

(b)  Concrete  piles, 

(c)  Miscellaneous. 

Where  a  wall  or  column  rests  on  solid  rock,  no  enlargement  at 
the  bottom  is  necessary,  since  the  bed  of  rock  is  as  strong  or 
stronger  than  the  masonry  of  the  structure  itself,  although  a 
slight  spreading  may  be  desirable  on  account  of  inferior  concrete 
at  the  bottom.  Where,  however,  the  foundation  does  not  rest 
directly  on  solid  bed  rock,  it  is  almost  always  necessary  to  enlarge 
the  bearing  area  by  some  form  of  foundation  construction  in 
order  to  secure  adequate  supporting  capacity,  except  in  the 
case  of  very  light  structures.  The  above  types  of  foundations 
will  be  briefly  discussed  in  the  following  paragraphs. 

Spread  Footings. — Spread  footings  may  be  used  under  either 
walls  or  columns  and  may  be  either  of  plain  masonry  or  of 
reinforced  concrete.  The  problem  is  to  enlarge  the  base  suffici- 
ently to  secure  sufficient  bearing  area  to  carry  the  superimposed 
load  without  exceeding  safe  bearing  values  on  the  soil  or  safe 
working  stresses  in  the  masonry  of  the  footing. 

As  stated  previously,  the  bearing  capacity  of  any  earth  stratum 
depends  upon  the  character  of  the  formation,  the  extent  of  the 
bed,  and  the  depth  below  the  surface.  If  a  foundation  bed  is 
incompressible  and  can  give  way  only  by  being  pushed  to  one 
side  causing  a  bulging  of  the  earth  at  the  side,  it  is  obvious  that 
its  bearing  capacity  will  depend  upon  the  depth  of  the  bed 
below  the  surface  of  the  ground.  If  the  weight  of  the  wall,  W, 
causes  a  unit  pressure,  p,  downward,  this  will  cause  a  lateral 


earth  at  the  side  will  cause  a  vertical  pressure  tending  to  lift  the 


pressure  of 


1  —  sin  4> 


p,  or  kp,  which  acting  on  a  particle  of 


1  +  sin  4> 


earth  at  the  side  equal  to 


/l  -  sin  <A2 
VI  +  sin4>/: 


p,  or  k2p.    For  exact  equi- 
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librium,  this  must  equal  wx,  where  w  is  the  unit  weight  of  the 
earth  and  x  is  the  depth  of  the  foundation  bed.    From  this 
sin  (j)\2p 

w 


relation,  x  = 


/l  -  sin  </> V 
\1  +  sin  4>) 


+  sin  </>, 

Wall  Footings. — In  the  case  of  wall  footings,  Fig.  224,  the 
footings  act  merely  as  a  cantilever  beam  with  the  load  acting 
upward  and  the  support  at  the  middle.    It  is  commonly  assumed 
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Fig.  224. — Diagrams  of  wall  footings. 

that  the  bearing  is  uniformly  distributed  over  the  bearing  area, 
although  owing  to  the  deflection  of  the  footing,  the  bearing 
may  be  somewhat  greater  at  the  middle  than  at  the  edges. 
However,  since  this  deflection  in  a  masonry  footing  would  be 
very  small  and  until  considerable  compression  of  soil  has 
occurred,  the  bearing  capacity  is  not  greatly  increased,  it  is 
probable  that  the  assumption  of  uniform  bearing  is  sufficiently 
accurate.  Therefore,  the  unit  bearing  where  the  load  is  centrally 
placed  may  be  taken  as  p  =  W/A,  where  W  is  the  total  load  and 
A.  is  the  bearing  area. 

The  moment  at  the  section  AB  in  a  strip  1  ft.  wide  is  }4pa2, 
or  in  general,  the  moment  is  Hpx2,  x  being  the  distance  from 
the  edge  of  the  footing  to  the  section  in  question.  The  shear 
stress  along  the  section  AB  is  pa/Yld  pounds  per  square  inch. 
The  maximum  diagonal  stress  should  be  determined  by  the 


K  
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formula  Sm  =  St/2  +  Q£S«»  +  in  which  St  is  the  direct 

tensile  stress  due  to  flexure,  and  S,  is  the  direct  shear  stress. 

In  the  case  of  reinforced  concrete  wall  footings,  the  diagonal 
shear  should  be  investigated  as  in  any  beam,  and  the  bond  also 
should  be  similarly  investi- 
gated,   for    in    such  short 
members,  shear  or  bond  may 
be  the  determining  factor  in 
proportioning  the  reinforce- 
ment.   Comparatively  small 
reinforcing  bars  can  be  used 
to  advantage  in  order  to  in- 
crease the  bond  area.  Tests 
by  Professor  A.  N.  Talbot1 
indicate  that  vertical  stirrups 
are  not  very  efficacious  in  re- 
sisting  diagonal  tension  in 
such  short  beams.    His  tests 
show   that  in   general,  the 
critical  section  may  be  taken 
at  the  face  of  the  wall  where 
the  section  is  uniform,  but  it 
may  be  at  one  of  the  stepped 
sections  where  the  footing  is 
stepped.    The  ordinary  unit 
working  stresses  may  be  safely 
used  in  the  design  of  footings. 

Column  Footings. — The 
distribution  of  stresses  in  a 
column  footing  is  indetermin- 
ate, the  footing  acting  gener- 
ally as  a  plate  carrying  a  uniformly  distributed  load  and  sup- 
ported at  the  center.  The  moment  of  the  earth  pressure  against 
the  area  ABCD,  Fig.  225,  is 

W/L2  -  b2\  b  +  2L  a 

Whence, 

_  W/L2  -  b2\/b  +  2L\/L  -  b\      W/L  -  b 


f 

/ 

\ 

\ 

i 

Fig.  225. — Diagram  of  column  footing. 


M~T\  L2 

W  being  the  total  load  on  the  column  and  z  the  distance  to  the 
center  of  gravity  of  the  area  ABCD. 
1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  67. 
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Tests  made  at  the  University  of  Illinois  indicate1  that  the 
moment  at  the  critical  section  is  given  by  the  formula 

M  =  (i&a2  +  0.6a3)p 

in  which  p  is  the  uniform  upward  pressure  in  pounds  per  square 
foot.  The  location  of  the  section  which  resists  this  moment  is 
conjectural  to  a  certain  extent.  Professor  A.  N.  Talbot  has 
formulated  the  following  rule  as  a  basis  of  calculation.2  "As 
a  basis  applicable  when  the  spacing  of  the  bars  is  uniform  or 
does  not  vary  far  from  this,  the  resisting  moment  of  the  footing 
in  each  of  the  two  directions  may  be  based  on  the  amount  of 
steel  in  a  width  of  beam  equal  to  the  width  of  the  pier  (column) 
plus  twice  the  depth  of  the  footing  to  the  reinforcement,  plus 
one  half  the  remainder  of  the  width  of  the  footing,  and  the  use 
of  this  amount  of  steel  will  determine  the  maximum  steel 
stress."  Expressed  as  a  formula,  the  equivalent  beam  width 
according  to  this  rule  is 

V  =  6  +  2d  +  1(L  -  h  -  2d). 

If  reinforcing  bars  are  placed  parallel  to  the  sides  forming  a 
reticulate  mesh,  the  arrangement  is  spoken  of  as  "two-way" 
reinforcement,  while  if  in  addition  bars  are  placed  on  both  diagon- 
als, it  is  called  "four-way"  reinforcement. 

Bond  stresses  in  ordinary  two-way  reinforced  footings  are 
calculated  as  in  ordinary  reinforced  concrete  beams,  and  should 
always  be  investigated  carefully,  for,  as  in  the  case  of  wall 
footings,  bond  stress  may  be  the  controlling  factor  in  proportion- 
ing the  steel.  Tests  made  at  the  University  of  Illinois,  referred 
to  above,  showed  that  column  footings  failed  around  a  frustrum 
of  a  cone  or  pyramid,  depending  on  the  shape  of  the  column,  as 
indicated  in  Fig.  225,  hence,  it  is  logical  to  take  the  critical  shear 
area  at  a  section  at  a  distance  from  the  face  of  the  column  equal 
to  the  depth  of  the  footing,  the  external  load  being  considered  as 
that  outside  the  base  of  such  a  frustrum.  The  unit  vertical 
shear  for  a  square  column  becomes 

_[L*  -{b  +  2dY)v 
Jv         4(6  +  2d)jd 

Where  columns  are  placed  at  the  edge  of  property  so  that  the 
adjacent  property  cannot  be  encroached  upon,  the  footing  is 

1  Univ.  of  Illinois  Eng.  Exp.  Sta.,  Bull.  67. 

2  Ibid.  p.  22. 
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usually  made  continuous  with  that  of  the  next  interior  column 
so  that  the  resultant  of  the  two  column  loadings  will  coincide 
with  the  center  of  gravity  of  the  reaction  on  the  footing,  and 
the  reinforcement  designed  accordingly. 


Fig.  226— Grillage  foundation  of  the  L.  C.  Smith  Building,  Seattle. 


Grillage— When  timber  was  cheap,  a  timber  grillage  filled 
with  concrete  was  frequently  constructed  to  secure  spread  of 

29 
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foundation.  Where  such  a  timber  grillage  was  placed  perma- 
nently below  the  water  table  it  would  last  indefinitely,  although 
several  cases  are  on  record  where  structures  have  settled  due  to 
the  rotting  of  such  timber  grillages  owing  to  their  not  being 
permanently  immersed,  as  in  the  case  of  the  Auditorium  at 
Chicago. 

Steel  grillages  constructed  of  I-beams  or  of  built-up  girders 
and  filled  with  concrete  have  been  extensively  used.  Figure  226 
shows  details  of  the  grillages  and  the  foundation  plan  of  the 
L.  C.  Smith  35-story  office  building  at  Seattle,1  concerning  which 
the  following  details  are  of  interest. 

"The  foundations  rest  on  soil  composed  of  sand,  gravel  and 
clay  in  strata  of  varying  thicknesses.  Borings  indicated  that  this 
alternate  stratification  extended  to  an  indefinite  distance  below 
the  street.  The  foundations  were  proportioned  for  a  load  of 
5,500  lb.  per  square  foot,  dead  load  only  being  considered.  On 
the  north  side  of  the  building  the  columns  are  carried  on  pairs  of 
cantilever  plate  girders  extending  over  three  column  points. 
Underneath  the  girders  is  a  single' tier  of  24  or  20-in.  I-beams. 
This  construction  was  necessary  to  provide  for  the  required 
foundations  without  extending  over  the  lot  line  and  still  keep 
the  center  of  gravity  of  the  foundations  concentric  with  the 
center  of  gravity  of  load.  Underneath  the  bottoms  of  the  grill- 
age beams  there  is  a  concrete  bed  12  in.  thick.  The  grillage 
beams  and  girders  are  filled  between  and  encased  in  solid 
concrete.  In  two  cases  behind  the  elevators  where  the  space  was 
not  sufficient  for  two  girders,  a  single  60-in.  grillage  girder  is 
used  with  one  tier  of  beams  beneath.  The  top  flange  of  this 
girder  is  supported  laterally  by  braces  to  the  tops  of  grillage 
beams." 

Figure  227  shows  the  grillage  under  the  Woolworth  building2 
at  New  York.  The  piers  of  this  building  are  mostly  circular 
varying  from  63^  to  18  ft,  in  diameter.  For  the  smaller  piers, 
only  two  tiers  of  beams  were  required,  but  for  the  larger  piers 
four  tiers  of  beams  were  needed. 

A  steel  grillage  of  this  sort  is  commonly  designed  as  a  cantilever, 
each  beam  considered  as  carrying  its  proportionate  part  of  the 
load.  The  soil  pressure  is  usually  assumed  as  uniform  over  the 
length  of  the  beams,  but  owing  to  the  deflections  of  the  beams, 

1  Engineering  Record,  July  6,  1912. 

2  Engineering  Record,  July  5,  1913. 
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it  is  probably  somewhat  greater  than  the  average  under  the 
column  and  diminishes  towards  the  edge  of  the  grillage.  The 
concrete  is  not  considered  as  taking  any  stress,  its  function  being 
merely  to  protect  the  steel  against  corrosion. 

In  Chicago,  buildings  placed  on  grillages  are  expected  to 
settle  owing  to  the  plasticity  of  the  soil,  and  consequently  it 
has  been  the  custom  to  set  the  buildings  some  5  to  8  in.  above  the 
desired  elevation;  this  amount  of  settlement  has  not  been  realized 
in  some  instances  and  has  been  exceeded  in  others. 


j  2'?o'*g'PlsfordCenterdcanv>oifo:-  ■'■ 
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Fig.  227. — Grillage  foundation  of  the  Woolworth  Building,  New  York. 

Floating  Foundations. — Floating  foundation  is  a  term  applied 
to  practically  monolithic  foundations  built  under  an  entire 
structure,  which,  with  the  advent  of  reinforced  concrete,  have 
been  used  widely  for  construction  on  soils  of  more  or  less  plastic 
nature.  Floating  foundations  have  been  constructed  as  slabs 
or  mats,  a  combination  of  beams  and  slabs,  inverted  barrel 
arches  and  slabs,  and  as  inverted  groined  arches.  The  last 
named  type  has  been  especially  adaptable  for  use  under  covered 
water  storage  reservoirs. 

The  obvious  advantage  of  floating  foundations  is  that  if  uneven 
settlement  occurs,  which  is  .rendered  less  probable  by  this  type 
of  foundation,  serious  injury  to  the  structure  does  not  result. 
At  Winnipeg,  a  million  bushel  grain  elevator,  constructed  on  a 
floating  foundation  of  beams  and  slabs,  when  about  three-fourths 
filled  with  wheat,  tipped  to  an  angle  of  26°  with  the  vertical  due 
to  the  subsidence  of  one  side  of  the  foundation  bed.    The  grain 
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was  removed  and  the  structure  righted  by  means  of  jacks  without 
serious  loss  and  with  comparatively  low  expense.  Such  an 
incident  would  manifestly  have  been  impossible  if  the  foundation 
had  been  separate  for  each  bin  instead  of  a  monolithic  mat  under 
the  entire  structure. 
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Fig.  228. — Floating  foundation  under  the  Fair  &  Bailey  Manufacturing  Co. 
Building,  Camden,  N.  J. 


A  plain  slab  or  mat  is  merely  an  inverted  flat  slab  on  which 
the  earth  reaction  or  pressure  constitutes  the  load  and  the 
columns  the  supports,  hence,  the  principles  of  flat  slab  design 
(p.  127)  are  applicable  in  this  type  of  structure  as  well.  Care 
should  be  exercised  to  provide  sufficient  shear  strength  around 
the  column  footings  as  around  the  capitals  in  ordinary  slab  design. 
A  twelve-story  building  at  Minneapolis  was  constructed  on  such 
a  mat  on  loam  and  fine  unstable  sand.  The  mat  was  108  by 
162  ft.  in  plan  and  5  ft.  thick  at  the  outside  and  4  ft.  thick  under 
interior  columns  with  four  way  reinforcement  at  the  top  and 
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bottom.  Pedestals  12  ft.  square  and  2  ft.  thick  supported  the 
columns. 

Figure  228 1  illustrates  a  foundation  consisting  of  a  slab  and 
beams  where  the  beams  are  placed  beneath  the  slab,  the  latter 
serving  as  a  floor,  and  Fig.  2292  shows  a  slab  and  beam  founda- 
tion where  the  slab  is  beneath  the  beams.    This  latter  is  the 
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more  logical  arrangement  since  the  slab  acts  at  the  flange  of  the 
T-beams,  although  it  requires  a  second  slab  to  be  constructed 
for  a  floor.  The  former  building  is  located  at  Camden,  N.  J. 
on  soft  water-bearing  soil  and  the  latter  at  Chicago  on  stiff  blue 
clay  estimated  to  support  two  tons  per  square  foot. 

Figure  2303  illustrates  a  foundation  composed  of  inverted 

1  Engineering  News-Record,  Nov.  1,  1917. 

2  Ibid. 

3  Engineering  News,  Deo.  28,  1911. 
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arches  and  a  slab  under  an  eight-story  building  in  New  York 
resting  on  unstable  sand,  the  soil  pressure  being  3.4  tons  per 
square  foot.  The  advantages  claimed  for  this  type  of  founda- 
tion are  its  simplicity  and  its  low  cost,  the  cost  being  estimated 
at  25  per  cent  lower  than  for  a  steel  grillage  in  the  same  place. 
In  this  instance,  reinforcing  steel  for  negative  moment  was  placed 


Fig.  230. — Reinforced  concrete  arch  foundation  under  a  warehouse,  New  York. 


under  the  columns  in  order  to  take  advantage  of  the  cantilever 
action  in  the  event  of  a  failure  of  the  arch.  The  arches  run  in 
both  directions  as  shown  and  are  12  in.  thick  at  the  crown  and 
42  in.  under  the  columns.  The  extrados  of  the  arches  was  made 
flat  in  order  to  give  an  even  bearing  on  the  soil. 

Inverted  groined  arches  are  frequently  used  as  foundations 
under  filters  and  covered  water  storage  reservoirs.  They  are 
commonly  built  in  alternate  blocks  to  facilitate  construction. 

Compacted  Soil  Foundations. — In  Continental  European 
countries  especially,  satisfactory  foundations  on  compressible 
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soil  have  been  constructed  in  several  instances  by  mechanically 
compacting  the  soil  over  the  area  on  which  the  structure  is  to 
rest.  Several  methods  have  been  employed  to  accomplish  the 
compacting  of  the  soil,  chief  of  which  are  (a)  by  forcing  stone, 
gravel  or  sand  into  holes  driven  into  the  ground  by  dropping  a 
conical  weight,  (b)  by  driving  short  timber  piles  into  the  ground 
and  thus  solidifying  a  top  layer  into  sort  of  a  mat,  (c)  by  forming 
short  concrete  piles  or  pedestals  in  holes  driven  into  the  ground 
usually  by  dropping  a  conical  weight  as  above,  (d)  the  cupping 
process. 

The  theory  of  the  compacting  of  the  soil  is  that  the  water  and 
air  are  driven  out  from  between  the  particles  thus  making  the 
earth  layer  a  solid  crust.  The  procedure  in  the  first  method  is 
to  drop  a  weight  of  about  5,000  lb.  and  4  ft.  in  diameter  down 
leads  much  as  in  the  case  of  a  pile  driver1  until  a  hole  is  forced 
into  the  ground  10  to  20  ft.  deep.  Crushed  stone,  sand  or  gravel 
is  then  rammed  into  the  hole  by  means  of  a  flat  bottom  weight 
dropped  in  a  similar  manner.  In  Europe  foundations  for  build- 
ings and  bridges  of  considerable  magnitude  have  been  built  in 
this  manner  and  on  very  difficult  soils.  The  Canal  du  Nord  was 
carried  across  a  peat  marsh  in  the  valley  of  the  Somme  in  this 
manner,  the  piles  being  about  16  ft.  apart. 

Driving  short  wooden  piles  into  compressible  soil  compacts 
it  to  such  an  extent  that  its  bearing  capacity  is  greatly  increased 
and  in  the  past,  such  a  scheme  has  been  used  at  times  in  founda- 
tion work.  Owing  to  the  decay  of  the  piles,  however,  as  well  as 
to  other  inherent  defects  in  this  scheme,  the  method  is  not  one 
to  be  recommended. 

In  a  manner  similar  to  that  outlined  above  for  compacting 
soil  by  means  of  sand  or  stone  forced  into  holes,  concrete  pedestals 
have  been  placed  in  the  ground  to  increase  the  bearing.  This 
method  of  compressing  the  soil,  when  properly  used,  has  given 
good  results.  The  process  shades  into  the  construction  of 
concrete  bearing  piles  by  patented  methods  that  will  be  described 
in  a  subsequent  paragraph. 

Cupping  or  restraining  the  soil  by  driving  interlocking  sheet 
piles  around  the  foundation,  or  by  encircling  it  with  a  steel  or  a 
reinforced  concrete  cylinder,  or  other  restraining  device,  may 
serve  to  increase  the  bearing  capacity  of  the  soil.  A  steel  cylinder 
may  be  driven  around  the  footing  of  a  column;  a  reinforced  con- 

1  Cassier's  Engineering  Monthly,  Aug.,  1916.  • 
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Crete  annulus  is  placed  by  excavating  a  circular  trench  about  the 
foundation  and  then  placing  the  reinforced  concrete. 

Open  Well  or  Pier  Foundations. — Sinking  open  wells  under 
columns  down  to  solid  rock  or  other  firm  stratum  and  then  filling 
with  concrete  forming  piers  for  the  support  of  column  loads 
is  a  method  much  used  in  building  construction.  Two  methods 
of  sinking  the  wells  are  in  common  use,  one  by  driving  sheet 
piling,  either  wood  or  steel,  and  the  other  by  lining  successive 
sections  of  about  4  or  5  ft.  with  circular  lagging  braced  by  iron 


Fig.  231. — Open  well  foundation. 


bands.  Figure  231  is  a  photograph  of  the  construction  by  means 
of  steel  sheet  piling  in  the  Kinney  Building  at  Newark,  N.  J., 
and  Fig.  232  shows  the  arrangement  of  wood  sheet  piles  for  the 
Railway  Exchange  Building  at  St.  Louis.1 

The  second  method,  sometimes  referred  to  as  the  Chicago 
method,  because  of  its  extensive  use  in  that  city,  consists  in 
excavating  a  well  about  5  ft.  deep,  inserting  a  section  of  the 
lagging,  excavating  another  5  ft.,  inserting  the  next  section  of 
lagging,  etc.  until  the  desired  depth  is  reached.  This  method 
unmodified  cannot  be  successfully  used  through  quicksand,  but 
through  stiff  clay  and  silt,  or  firm  sand,  the  method  is  advanta- 
geous. The  wells  must  be  about  4  ft.  in  diameter  at  least  in 
order  to  permit  men  to  work  in  the  excavation  and  it  is  usually 
found  that  6  or  8  ft.  diameter  is  a  practical  maximum,  hence> 

1  H.  S.  Jacoby  and  R.  P.  Davis,  "Foundations  of  Bridges  and  Buildings," 
p.  367. 
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the  diameter  of  the  wells  is  about  4  to  6  ft.,  although  sometimes 
as  large  as  8  to  10  ft. 

When  the  wells  are  excavated  to  bed  rock,  the  bottom  is 
thoroughly  cleaned  and  made 
ready  for  the  concrete.  Usually 
the  bottom  is  belled  out  to  about 
twice  the  diameter  where  the  pier 
rests  on  hardpan,  or  other  ma- 
terial than  rock,  the  slope  of  this 
enlargement  being  not  less  than 
45°.  In  Chicago,  seven  tons 
per  square  foot  is  allowable  for 
piers  resting  on  hardpan,  and  30 
tons  where  resting  on  rock.  The 
cost  of  excavating  these  open 
wells  in  Chicago  has  usually  been 
about  $12.00  to  $16.00  per 
lineal  foot. 

The  chief  advantages  of  this 
type  of  construction  are  that  the 
resulting  foundation  is  firm  and 
without  settlement;  it  is  rapidly 
constructed  and  much  of  the 
work  can  be  done  without  discon- 
tinuing the  use  of  existing  struc- 
tures, the  derricks  being  set  up  in 
the  basement ;  the  permanence  of 
the  work;  and  the  reasonable 
cost.  It  is  practically  the  ac- 
cepted procedure  for  foundations 
under  high  buildings  of  the  steel 
cage  or  skeleton  type. 

Designing  Loads  for  Founda- 
tions.— The  proper  load  for  which 
a  foundation  should  be  designed 
is  a  much  debated  matter,  and  in 
fact,  a  hard  and  fast  rule  cannot 
be  well  adopted  that  is  of  general 
application.  While  each  part  of  the  superstructure  should  be 
designed  for  the  maximum  stress  that  will  come  upon  that 
member,  which  condition  usually  involves  full  loads  on  the 


Section 

Fig.  232. — Open  well  for  pier  un- 
der the  Railway  Exchange  Building, 
St.  Louis. 
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adjacent  panels  or  parts,  it  is  extremely  improbable  that  full 
load  will  ever  be  over  the  entire  structure  at  one  time.  This  is 
particularly  true  in  the  case  of  a  high  building,  for  while  each 
floor  must  be  designed  for  full  load  on  that  floor,  or  certain  panels 
must  be  designed  for  full  load,  it  is  not  probable  that  all  floors 
will  be  fully  loaded  at  one  time.  However,  in  the  case  of  ware- 
houses, this  condition  might  obtain,  hence  judgment  must  be 
used  in  estimating  what  part  of  full  load  may  exist  at  one  time, 
or  in  other  words,  what  part  of  full  load  for  the  entire  structure 
should  be  used  in  the  design  of  the  foundation. 

For  bridge  foundations,  the  combination  of  live  load,  traction, 
earth  pressure,  ice  pressure,  wind  pressure,  etc.  that  will  give 
maximum  earth  pressures  should  be  considered,  provided  it  is 
physically  possible  or  probable  that  they  can  all  occur  simultane- 
ously. 

In  high  buildings,  the  question  of  proportional  load  on  the 
foundation  is  a  subject  of  great  diversity  of  opinion,  particularly 
where  the  foundations  may  be  expected  to  settle  somewhat,  as  in 
the  case  of  spread  or  floating  foundations  on  compressible  soils. 
In  these  cases  where  settlement  is  expected,  the  problem  is  to 
adjust  the  bearing  on  the  soil  so  that  the  settlement  may  be 
uniform  in  order  that  there  may  not  be  undue  strains  in  the 
superstructure,  cracks,  etc.  It  is  a  matter  of  common  observa- 
tion that  the  settlement  is  caused  chiefly  by  the  dead  load,  for 
it  is  the  load  first  applied  and  also  it  constitutes  the  major 
portion  of  the  total  load,  and  furthermore,  because  settlement  is 
dependent  upon  the  time  that  the  load  is  applied  and  the  dead 
load  is  constantly  applied,  while  the  live  load  is  more  or  less 
transient  or  intermittent.  Therefore,  in  assigning  proportional 
load,  the  dead  load  should  have  a  greater  influence  than  does 
the  live  load.  In  some  instances,  e.g.,  the  Masonic  Temple  at 
Chicago,  the  settlement  during  erection  was  so  uneven  that  some 
of  the  steel  work  would  not  fit  together  until  some  members  had 
been  altered  several  inches  in  length.  It  is  as  important,  there- 
fore, in  such  cases  not  to  make  some  parts  of  the  foundation  too 
large  as  it  is  not  to  make  them  too  small. 

The  practice  among  engineers  is  to  design  the  foundation  for 
the  dead  load  plus  a  certain  proportion  of  the  live  load,  frequently 
taken  arbitrarily  as  50  per  cent.  However,  it  is  the  better 
practice  to  allow  the  ratio  of  the  probable  live  load  (i.e.,  the 
actual  load  that  will  probably  come  upon  the  building)  to  the 
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dead  load  to  control  the  proportion  of  the  live  load  to  be  used  in 
the  design  of  the  foundations.  The  method  used  by  C.  C. 
Schneider,  M.  Am.  Soc.  C.  E.1  may  be  represented  by  the  formula: 

A  =  D/Br 

in  which  A  is  the  area  required,  D  the  dead  load,  B  the  allowable 
soil  pressure  and  r  the  ratio  between  the  dead  load  and  the  total 
load  coming  on  the  foundation  at  the  footing  where  the  ratio  of 
the  live  to  the  dead  load  is  greatest.  This  footing  is  selected  as 
the  basis  for  design  because  it  is,  in  a  sense,  an  index  of  the 
probability  of  the  occurrence  of  full  load.  It  will  be  observed 
that  the  design  of  any  particular  footing  depends  primarily 
upon  the  dead  load. 

Daniel  E.  Moran,  M.  Soc.  C.  E.,  employs  a  similar  rule2  except 
that  it  is  based  on  the  dead  load  plus  half  the  live  load: 

D  +  0.5L 


A  = 


Br 


L  being  the  live  load,  r  the  ratio  (Z)'  +  0.5L')/(£>'  +  L')  in  which 
D'  and  L'  are  the  dead  and  live  load  respectively  on  the  footing 
where  the  ratio  of  live  to  dead  load  is  greatest. 

Other  engineers  have  formulated  rules  for  their  own  use,  but 
the  above  rules  are  typical  and  have  been  widely  and  successfully 
used.  The  actual  results  do  not  differ  greatly  for  the  two 
methods  above  cited. 

Impact  is  not  generally  considered  as  being  effective  in  design- 
ing foundations  because  it  results  chiefly  from  vibrations  and  the 
vibrations  of  the  superstructure  are  entirely  dissipated  before 
the  stresses  transmitted  reach  the  foundation. 

Pile  Foundations. — In  Fig.  233  is  shown  a  pile  foundation 
after  the  piles  have  been  driven  but  not  sawed  off  to  grade. 
Piles  driven  to  support  a  structure  in  this  manner  are  called 
bearing  piles  or  foundation  piles  to  distinguish  them  from  trestle 
piles  or  sheet  piles.  Such  a  foundation  has  proved  effective 
under  a  great  variety  of  conditions  where  soil  of  sufficient  sup- 
porting capacity  is  not  to  be  found  within  reasonable  distance 
from  the  surface.  Where  the  piles  are  permanently  under  water 
they  will  last  indefinitely. 

iC.  C.  Schneider,  "General  Specifications  for  Structural  Work  for 
Buildings." 

2  Engineering  News,  Apr.  3,  1913. 
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The  number  of  piles,  the  spacing  and  position  depend  entirely 
upon  the  loads  to  be  carried.  Piles  may  be  of  timber,  concrete, 
or  specially  designed  steel  shafts.  The  piles  are  ordinarily 
assumed  to  carry  the  entire  superimposed  load,  since  they  are 
more  rigid  than  the  soil  between  them. 


Fig.  233. — Pile  foundation,  92nd  St.  bridge,  Chicago. 


Timber  Piles. — Timber  piles  have  been  used  almost  exclusively 
in  the  past  in  foundation  work,  but  with  the  growing  scarcity  of 
timber  and  the  cheapening  of  concrete,  reinforced  concrete  piles 
are  coming  to  be  extensively  used.  Timber  piles  will  last  for 
centuries  if  permanently  below  the  water  level  and  protected 
from  borers,  but  they  decay  in  about  10  to  15  years,  depending 
upon  the  kind  of  timber  and  the  climatic  conditions,  if  alternately 
exposed  to  air  and  water. 

The  first  grade  of  piles  specified  by  the  American  Railway 
Engineering  Association  includes  white,  burr  and  post  oak, 
longleaf  pine,  Douglas  fir,  tamarack,  eastern  white  and  red  cedar, 
chestnut,  western  clear  redwood  and  cypress.  These  specifica- 
tions further  require:1 

"Piles  shall  be  cut  from  sound  trees;  shall  be  close  grained  and  solid; 
free  from  defects,  such  as  injurious  ring  shakes,  large  and  unsound  or 
loose  knots,  or  decayed  spots,  which  may  impair  their  strength  or  dura- 
bility. In  eastern  United  States,  red  or  white  cedar  with  a  small  amount 
of  heart  rot  at  the  butt  which  does  not  materially  impair  the  strength 
of  the  pile  will  be  allowed. 

1  Manual  Amer.  Ry.  Eng.  Assn.,  p.  235. 
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"Piles  must  be  butt  cut  above  the  ground  swell  and  have  a  uniform 
taper  from  butt  to  tip.  Short  bends  will  not  be  allowed.  A  line  drawn 
from  the  center  of  butt  to  the  center  of  tip  shall  lie  within  the  body  of 
the  pile. 

"Unless  otherwise  allowed,  piles  must  be  cut  when  the  sap  is  down. 
Piles  must  be  peeled  soon  after  cutting.  All  knots  shall  be  trimmed 
close  to  the  body  of  the  pile. 

"The  minimum  diameter  at  the  tips  of  round  piles  shall  be  9  in.  for 
lengths  not  exceeding  50  ft.,  and  7  in.  for  lengths  over  50  ft.  The 
minimum  diameter  at  one  quarter  length  from  the  butt  shall  be  12  in. 
and  the  maximum  diameter  at  the  butt  shall  be  20  in." 

The  second  grade  includes  all  other  oaks  not  in  the  first  grade, 
sycamore,  sweet,  black  and  tupelo  gum,  maple,  elm,  hickory, 
Norway  pine,  or  any  sound  timber  that  will  stand  driving.  The 
requirements  for  tip,  butt,  taper  and  straightness  are  the  same 
as  for  grade  one.  Unless  otherwise  specified,  piles  of  this  grade 
need  not  be  peeled.  This  grade  of  piles  in  general  should  not  be 
used  in  permanent  work  but  rather  for  falsework  or  in  relatively 
less  important  foundations. 

Bearing  piles  are  usually  about  20  to  30  ft.  long,  although  in 
swampy  and  some  other  regions,  greater  lengths  may  be  required. 
The  length  should  preferably  be  determined  from  the  results  of 
soil  borings,  and  should  be  selected  so  that  the  tip  shall  penetrate 
slightly  into  a  hard  stratum.    Piles  are  driven  with  the  small 


Fig.  234. — Wood  borers,  Limnoria  and  Teredo. 

end  or  tip  downward  because  of  the  greater  facility  in  driving 
and  because  of  the  greater  supporting  capacity  when  thus  driven. 

Timber  piles,  in  addition  to  being  subject  to  ordinary  decay, 
are  attacked  by  certain  borers  when  located  in  salt  water,  chief 
of  which  are  the  teredo  or  shipworm,  (head  at  a) ,  and  the  limnoria 
or  wood  louse,  Fig.  234. 1    The  former  is  usually  about  six 

1  Forest  Service  Bull  128. 
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to  eight  inches  long  and  the  latter  about  the  size  of  a  grain  of 
rice.  These  borers  are  active  chiefly  within  a  few  feet  of  the 
surface  or  between  tide  levels,  and  their  borings  may  remove 
such  a  large  proportion  of  the  timber  that  little  strength  may 
remain.  Impregnation  with  creosote  of  open  grain  timber  like 
loblolly  pine  tends  to  prevent  attack  by  marine  borers  but  this 
method  is  ineffective  for  close  grained  timbers.  Where  piles  are 
not  exposed  to  the  water  directly,  they  are  not  attacked.  Soft 
timbers  last  only  six  months  to  a  year  in  warm  climates  when 
attacked  by  borers. 

Pile  Driving. — Piles  may  be  driven  by  means  of  a  pile  driver 
or  by  means  of  a  water  jet,  the  former  being  used  through  ordi- 
nary soils  and  the  latter  through  sand,  gravel  or  small  boulders 
when  a  large  quantity  of  water  is  near  at  hand  to  be  thus  used. 
Pile  drivers  may  be  classed  as: 

1.  Drop  hammers 

(a)  Land  or  spool  roller  type 

(b)  Track  type 

2.  Steam  hammers 

(a)  Single  acting 

(b)  Double  acting. 

Figure  235  shows  in  outline  the  spool  roller  type  and  Fig.  236 
the  track  type  of  pile  driver  of  the  C.  M.  &  St.  P.  R.  R.  indicating 
the  general  dimensions.  In  the  drop  hammer  type,  the  weight 
of  hammer  is  about  2,000  to  4,000  lb.  and  drops  about  25  ft.  for 
the  lighter  and  10  ft.  for  the  heavier  hammers.  Some  observa- 
tions seem  to  indicate  that  not  much  is  gained  by  a  drop  exceed- 
ing 10  ft.  The  effectiveness  and  efficiency  of  the  drop  hammer 
depends  very  largely  upon  the  skill  of  the  operator  in  his  ability 
to  take  advantage  of  the  rebound  of  the  hammer  when  lifting  it. 

Where  piles  have  to  be  driven  between  or  below  existing 
structures,  necessitating  the  use  of  a  follower,  a  clearance  of  9 
or  10  in.  must  be  allowed.  With  swinging  leads,  piles  can  be 
driven  at  a  batter  when  necessary.  With  the  above  track  pile 
driver,  piles  cannot  be  driven  at  a  distance  from  the  center  line 
of  track  greater  than  23  ft.  6  in.  The  track  type  would  obvi- 
ously be  used  where  the  work  can  be  reached  from  the  railroad 
track  because  of  the  greater  convenience  of  this  type,  and  the 
land  type  will  be  used  where  the  work  is  remote  from  the  track. 
By  means  of  extension  leads,  piles  can  readily  be  driven  at  the 
bottom  of  an  excavation  with  either  type  of  driver. 
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The  older  types  of  steam  hammers  were  single  acting,  that  is, 
the  steam  acted  on  the  piston  only  in  raising  the  hammer  from 


Fig.  235. — Spool  roller  pile  driver,  C.  M.  &  St.  P.  Ry. 


the  pile,  but  the  more  recent  types  are  double  acting,  the  steam 
forcing  the  hammer  downward  against  the  pile  as  well  as  raising 


Fig.  236.— Track  pile  driver,  C.  M.  &  St.  P.  Ry. 

it.  Figure  237  (a)  shows  the  Warrington  hammer,  which  is  a 
good  illustration  of  the  former  and  (b)  shows  the  Goubert 
hammer  which  is  a  good  example  of  the  latter  type.  The  steam 
pile  driver  has  so  many  advantages  over  the  drop  hammer  that 
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it  has  supplanted  the  latter  to  a  very  great  extent  except  in  the 
case  of  temporary  or  pioneer  construction  where  a  steam  hammer 
is  not  available.  It  does  not  broom  or  otherwise  injure  the  pile 
to  so  great  an  extent,  it  will  drive  about  50  per  cent  more  piles 

per  day,  it  requires  fewer  men  to 
operate  it,  the  pile  is  driven  with 
less  vibration  and  consequently 
with  less  injury  to  adjacent  foun- 
dations and  structures,  and  the 
driving  is  usually  done  at  less  cost 
notwithstanding  the  greater  cost 
of  the  steam  hammer.  Drop  ham- 
mers operate  at  about  5  or  6  blows 
per  minute  while  steam  hammers 
strike  about  60  per  minute  for  a 
single  acting  and  120  per  minute 
for  a  double  acting  hammer.  Ta- 
ble XXXIV  gives  the  weights 
and  dimensions  of  the  principal 
makes  of  steam  pile  driving 
hammers. 

The  butt  of  the  pile  must  be 
cut  square  before  driving  is  begun, 
otherwise  the  blow  on  the  pro- 
jecting portion  will  split  the  top 
of  the  pile.  Rings  of  steel  about 
Fig.  237.— Steam  pile  drivers.      }4  by  3  in.  are  placed  over  the  top 

of  the  pile  sometimes,  the  latter 
being  trimmed  to  fit,  to  prevent  brooming.  After  driving,  this 
ring  is  removed  by  means  of  a  canthook,  one  ring  serving  for 
50  to  300  piles.  A  more  common  device  for  protecting  the  butt 
of  the  pile  consists  of  a  cast  block  fitting  over  the  head  of  the  pile. 

Where  piles  are  to  be  driven  through  sand  or  gravel  by  means 
of  a  hammer,  they  should  be  pointed  somewhat,  the  diameter  of 
the  "point"  being  4  to  6  in.  and  its  plane  at  right  angles  to  the 
axis  of  the  pile  otherwise  difficulty  will  be  encountered  in  guiding 
the  pile.  Where  specially  hard  strata  are  to  be  penetrated, 
iron  or  steel  points  should  be  used.  In  driving  to  depths  greater 
than  the  length  of  one  pile,  the  pile  must  be  spliced.  This  is 
done  by  fishplate  splices  spiked  to  the  sides. 

Care  must  be  exercised  to  avoid  overdriving  of  piles  causing 
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Table  XXXIV. — Weights  and  Dimensions  of  Pile  Driving  Hammers 
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them  to  shatter  beneath  the  surface  of  the  ground.  Striking  a 
log  or  boulder  is  likely  to  cause  the  destruction  of  a  pile  in  this 
manner.  Overdriving  is  indicated  by  the  bouncing  of  the  ham- 
mer or  by  the  "  kicking "  of  the  pile.  Where  a  pile  is  thus  injured, 
its  supporting  capacity  is  almost  entirely  destroyed. 

Sinking  of  piles  by  means  of  a  water  jet  has  been  done 
advantageously  in  sand,  gravel  or  similar  soil.  The  method  is 
particularly  applicable  to  reinforced  concrete  piles.  The  process 
consists  in  displacing  material  under  the  point  of  the  pile  by 
means  of  one  or  more  water  jets.  The  water  is  conducted  to  the 
jet  at  the  point  of  the  pile  by  a  gas  pipe  and  the  water  rising 
along  the  side  of  the  pile  carries  up  the  displaced  material,  the 
pile  sinking  of  its  own  weight  or  under  light  blows  from  the  ham- 
mer. Water  pressure  of  100  to  200  lbs.  per  square  inch  is  needed; 
the  pipe  down  the  side  of  the  pile  leading  to  the  jet  is  about  2  in. 
in  diameter  and  drawn  to  a  jet  about  ^  to  %  in.  in  diameter. 
The  process  requires  about  50  to  250  gal.  per  minute.  Piles 
driven  in  this  manner  are  said  to  have  a  greater  bearing  capacity 
than  those  driven  by  the  hammer  owing  to  the  settling  of  the 
earth  around  the  pile. 

After  piles  are  driven,  they  are  sawed  off  at  a  given  elevation 
and  the  foundation  footings  placed  directly  thereon,the  heads 
of  the  piles  projecting  into  the  concrete  about  6  to  12  in.  The 
engineer  in  charge  of  pile  driving  should  carefully  inspect  the 
piles  previous  to  driving  to  see  that  they  meet  the  specifications 
and  after  they  are  driven  to  discover  injured  piles.  During 
driving  a  complete  record  should  be  kept  covering  the  following 
points:  (a)  location  and  number  of  pile,  (b)  dimensions  of  pile, 
(c)  kind  of  wood,  (d)  total  penetration,  (e)  the  average  drop  of 
hammer  and  the  average  penetration  under  the  last  five  blows 
and  the  penetration  under  the  last  blow,  (f)  the  kind  of  soil,  and 
(g)  the  amount  of  cut-off.  While  it  is  desirable  to  keep  this 
record  for  all  piles  driven,  this  is  inconvenient  and  the  author 
has  found  the  record  kept  for  about  every  fifth  pile  satisfactory. 

Spacing  of  Piles. — Piles  to  be  effective  should  not  be  so  closely 
spaced  that  the  earth  included  between  them  loses  its  supporting 
capacity.  The  supporting  capacity  of  a  group  of  piles  can  actu- 
ally be  diminished  by  driving  additional  piles  if  such  additional 
piles  cause  the  group  to  act  as  a  unit  instead  of  each  pile  acting 
separately,  because  the  friction  of  the  periphery  of  the  group 
will  be  less  than  the  sum  of  the  peripheries  of  the  piles  taken 
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separately.  A  minimum  effective  spacing  is  frequently  stated 
to  be  about  3  ft.  for  piles  of  ordinary  size,  or  perhaps  three  diame- 
ters center  to  center.  Piles  have  been  driven  slightly  closer  than 
this  in  some  instances  but  it  is  probable  that  the  same  bearing 
could  have  been  obtained  with  fewer  piles. 

In  the  design  of  the  spacing,  it  is  important  to  have  a  uniform 
bearing  on  all  the  piles  so  that  in  the  event  of  any  settlement 
occurring  it  may  be  uniform  and  cause  a  minimum  of  damage. 
Special  care  must  be  exercised  to  secure  uniformity  of  bearing 
for  continuous  structures.  To  accomplish  this  result,  the  result- 
ant of  the  superimposed  loads  should  coincide  with  the  resultant 
of  the  resistance  of  the  piles  when  the  piles  are  considered  as 
uniformly  resistant.  A  convenient  method  of  spacing  piles 
accordingly  is  to  draw  vertical  lines  dividing  the  soil  pressure 
diagram  under  a  cross  section  of  the  structure  into  a  number  of 
equal  trapezoidal  areas  corresponding  to  the  number  of  piles  in 
the  cross  section  and  place  a  pile  at  the  center  of  gravity  of 
each  of  these  equal  areas.    Figure  127  shows  piles  so  spaced. 

The  bending  moment  at  the  edge  of  the  wall  will  be  Pa/s  per 
foot  of  wall,  where  P  is  the  bearing  per  pile  and  s  the  longitudinal 
spacing  of  the  piles  and  a  is  the  distance  from  the  edge  of  the 
wall  to  the  center  of  bearing  of  the  piles  beyond  the  edge.  Where 
the  footing  is  reinforced,  the  steel  should  not  be  placed  nearer 
than  about  3  in.  of  the  top  of  the  piles  in  order  to  secure  complete 
bond  and  to  avoid  the  irregularities  of  the  tops  of  the  piles. 
Shear  at  the  edge  of  the  wall  should  be  investigated. 

Piles  are  commonly  arranged  in  rows  with  the  positions  stag- 
gered where  necessary  to  secure  the  minimum  spacing  allowed. 
Concrete  is  poured  over  the  pile  tops  after  the  latter  have  been 
cut  off  to  grade,  the  piles  projecting  into  the  concrete  somewhat. 

In  the  case  of  eccentricity  of  the  superimposed  loads,  the 
maximum  and  minimum  bearing  on  the  piles,  i.e.,  the  maximum 
falling  on  the  one  nearest  the  toe  and  the  minimum  at  the  heel, 
is  given  by  the  formula 

p  =  W/n  ±  W-e-z/Xx2 

where  W  is  the  total  load,  n  the  number  of  piles,  e  the  eccentricity 
of  the  resultant  at  the  foundation,  z  the  distance  from  the  centroi- 
dal  axis  to  the  pile  in  question  and  x  is  the  distance  from  this 
axis  to  any  pile,  referred  to  the  axis  of  the  piles. 
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Concrete  Piles. — With  the  growing  scarcity  of  suitable  timber 
of  wood  piles,  concrete  piles  are  coming  into  extended  use. 
According  to  the  manner  of  molding,  concrete  piles  are  divided 
into  two  classes,  viz.,  pre-cast  piles  and  cast-in-place  piles,  par- 
ticular forms  of  either  group  being  patented.  The  pre-cast  piles 
are  always  reinforced  and  are  driven  much  as  are  timber  piles 
with  either  a  hammer  or  a  water  jet,  while  the  latter  group  are 
mainly  of  plain  concrete. 
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Fig.  238. — Details  of  reinforced  concrete  piles. 


Pre-cast  concrete  piles  are  usually  octagonal  in  cross-section 
with  a  diameter  of  about  7  in.  at  the  small  end  and  a  taper  of 
M-in.  per  foot  and  are  usually  from  20  to  40  ft.  long,  although 
lengths  up  to  75  ft.  have  been  used.  They  are  usually  made  of  a 
1 : 5  or  a  1 : 6  mixture  and  are  cast  in  a  horizontal  position.  After 
curing  under  a  sprinkling  system  for  30  days  they  are  ready 
for  use.  Figure  238 1  shows  the  essential  features  of  the  concrete 
piles  as  used  by  several  railroads.  The  steel  reinforcement  is 
intended  to  resist  the  strains  due  to  handling  the  pile  and  in 
driving.  A  special  cap  is  commonly  used  while  driving  to  pre- 
vent the  shattering  of  the  head  of  the  pile.  The  reinforcement 
amounts  to  4.25  lbs.  per  linear  foot  in  the  C.  B.  &  Q.  pile,  12.5  in 
the  Illinois  Central  and  17.5  lbs.  in  the  C.  M.  &  St.  P.  R.  R.  pile. 

1  Univ.  of  Colo.  Journal  of  Engineering,  vol.  12,  No.  4,  p.  31. 
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The  reinforcement  consists  of  a  "cage"  or  unit  made  up  of 
longitudinal  bars  with  hoops  or  spiral  winding.  Very  long  piles 
should  have  extra  reinforcement  in  the  middle  half  of  their 
length  to  withstand  the  additional  strains  due  to  deflection  while 
driving. 

Concrete  piles  are  best  driven  with  a  steam  hammer  using  a 
wooden  follower  or  cap  to  break  the  shattering  effect  of  the  blow. 
If  the  top  crumbles  so  that  the  longitudinal  bars  receive  the 
blow,  the  bars  will  buckle  and  shatter  the  pile.  In  driving  30  to 
35-ft.  piles  in  Tennessee  on  the  Illinois  Central  R.  R.,  136  to 
1,978  blows  were  required  per  pile  with  26  to  832  blows  to  drive 
the  last  foot. 


Fig.  239. — Precast  concrete  piles. 


Where  reinforced  concrete  piles  are  to  be  sunk  with  a  water 
jet,  special  provision  is  made  by  placing  a  pipe  down  the  center 
of  the  pile  while  it  is  being  cast,  an  elbow  with  a  short  piece  of 
pipe  being  placed  near  the  top  for  a  hose  connection  to  be  used  in 
forcing  water  to  the  point  of  the  pile.  Of  course  this  provision  is 
not  necessary  as  it  is  possible  to  sink  piles  in  the  usual  manner 
with  the  jet  pipe  outside  the  pile,  but  the  inside  pipe  is  a 
convenience. 

The  cast-in-place  piles  in  most  common  use  are  the  Raymond, 
the  "Simplex"  and  the  "Pedestal"  pile.  The  first  is  formed  by 
driving  a  tapered  sheet  shell  or  casing  of  18  to  20  gauge  with  the 
aid  of  a  collapsible  core,  withdrawing  the  core  and  filling  with 
concrete.  Sometimes  longitudinal  reinforcement  is  introduced 
before  placing  the  concrete  and  frequently  a  spiral  wire  rein- 
forcement is  required  to  stiffen  the  casing.  In  general,  this 
type  of  pile  has  been  satisfactory. 
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The  "Simplex"  pile  is  formed  by  driving  a  steel  case  with  a 
special  "jaw"  to  close  the  bottom,  then  filling  the  case  with 
concrete  and  withdrawing  the  the  cavity  is  filled.    A  ram 

is  commonly  used  to  insure  the  complete  filling  of  the  hole.  It 
is  claimed  for  the  pile  that  the  roughness  of  the  sides  resulting 
from  the  process  of  casting  produces  a  maximum  frictional 
resistance  along  the  sides.  Piles  30  to  45  ft.  in  length  have  been 
successfully  cast  in  this  manner. 

The  "Pedestal"  pile  is  formed  by  driving  a  casing  and  core 
into  the  ground,  the  core  extending  some  4  or  5  ft.  below  the 
casing.  The  core  is  then  withdrawn  and  the  bottom  of  the  hole 
filled  with  concrete  which  is  severely  rammed  until  the  soil  is 
pressed  away  forming  an  enlarged  cavity  filled  with  concrete. 
Afterward  the  shaft  of  the  pile  is  formed  by  filling  the  casing  with 
concrete.  It  is  claimed  that  the  enlarged  base  or  pedestal 
greatly  adds  to  the  supporting  capacity  of  the  pile. 

Supporting  Capacity  of  Piles. — In  considering  the  supporting 
capacity  of  piles,  two  fairly  distinct  conditions  arise,  namely, 
(1)  when  the  pile  rests  at  the  bottom  on  shale  or  some  other 
stratum  which  has  a  high  supporting  capacity  causing  the  pile 
to  act  as  a  column  supported  by  the  earth  at  the  sides  and  (2) 
when  there  is  no  hard  stratum  at  the  bottom  of  the  pile  and  its 
supporting  capacity  is  dependent  chiefly  by  the  frictional  resist- 
ance along  the  sides.  Many  observations  have  been  made  and 
many  formulas  proposed  for  the  bearing  capacity  of  piles  and 
the  reader  is  referred  to  the  extensive  literature  on  the  subject 
for  a  complete  discussion,  the  present  treatment  consisting 
merely  of  formulas  most  commonly  used. 

Where  piles  are  driven,  the  Engineering  News  formula  is 
almost  universally  accepted  and  has  been  observed  to  be  closely 
in  accord  with  practical  results.  For  a  drop  hammer,  the  formula 
is 

=  2Wh 
s  +  1 

in  which  P  is  the  safe  supporting  capacity  of  the  pile,  W  is  the 
weight  of  the  hammer,  h  is  the  height  of  fall  in  feet,  s  is  the  pene- 
tration under  the  last  blow  in  inches.  The  formula  is  derived 
by  equating  the  energy  of  the  hammer  to  the  work  done  by  a 
load  P  (with  a  factor  of  safety  of  6)  that  would  sink  the  pile  an 
amount  equal  to  the  penetration  under  the  last  blow.  The  term 
in  the  denominator  is  arbitrarily  increased  by  1  to  avoid  the 
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absurdity  of  having  an  infinite  load  capacity  when  the  penetra- 
tion is  zero,  as  when  the  pile  is  driven  to  "refusal." 
For  a  steam  hammer  the  formula  is  given  the  form 

2Wh 
s+0.1 

when  the  drop  of  the  hammer  is  free  without  the  aid  of  steam 
pressure  in  the  cylinder.  Where  the  steam  is  active  against  the 
piston  in  forcing  the  hammer  down,  the  formula  is 

P  =  2(TF'+  Ap)h 
s  +  0.1 

in  which  A  is  the  area  of  the  piston  in  square  inches,  and  p  the 
steam  pressure  in  pounds  per  square  inch. 

For  concrete  piles,  in  order  to  provide  for  the  inertia  of  the 
heavy  piles  by  taking  into  account  the  weight  of  the  latter,  the 
corresponding  formulas  for  steam  hammer  have  been  proposed 
as  follows: 

2Wh 


P  = 

and 


i  +  0.l| 

_  2(W  +  Ap)h 
•  +  0.l| 

in  which  w  is  the  weight  of  the  pile  and  the  other  nomenclature  as 
above.  These  give  somewhat  more  conservative  values  than 
does  the  Engineering  News  formula  unmodified. 

In  the  design  of  a  foundation,  the  penetration  that  will  be  used 
in  the  above  formulas  will  be  that  obtained  from  test  piles  or 
that  provided  for  in  the  specifications.  It  must  be  borne  in  mind 
of  course  that  the  formulas  are  only  approximate  and  refinement 
in  calculation  is  not  justified. 

In  the  cases  of  piles  cast  in  place  and  of  those  driven  by  means 
of  a  water  jet,  the  experience  with  the  hammer  in  producing 
penetration  is  not  available  in  estimating  supporting  capacity. 
A  formula  with  empirical  coefficients  is  sometimes  used  under 
such  circumstances  as  follows: 

P  =  BA  +  F-S 

in  which  P  is  the  load  the  pile  will  carry  in  pounds,  B  the  bearing 
capacity  of  the  soil  at  the  bottom  of  the  pile,  A  the  area  of  the 
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bottom  of  the  pile,  F  the  frictional  resistance  in  pounds  per 
square  foot,  sometimes  referred  to  as  skin  friction,  and  S  is  the 
superficial  area  of  the  pile  in  square  feet. 

The  frictional  factor,  F,  is  the  most  indefinite  term  in  the 
formula,  the  observations  made  to  determine  this  factor  being 
inevitably  uncertain.  However,  from  various  sources  the 
following  averages  may  be  taken  for  depths  commonly  reached 
by  piles;  the  classes  of  soil  being  rather  indefinite  and  overlapping : 


Soil 

Frictional  resistance,  lbs. 
per  sq.  ft. 

Silt  and  soft  mud  

50  to  100 

Silt  compacted  

120  to  350 

Clay  and  sand  

400  to  800 

Sand  with  some  clay  

500  to  1,000 

Sand  and  gravel  

600  to  1,800 

The  frictional  resistance  or  "skin  friction"  is  about  50  per 
cent  more  at  depths  of  100  ft.  than  at  depths  of  25  ft.,  and  it 
varies  in  general  with  the  depth.  It  is  obvious  from  the  above 
discussion  that  the  bearing  capacity  of  piles  depends  primarily 
upon  the  character  of  the  soil  and  upon  the  length  of  the  pile. 
Wet  soils  in  general  will  not  support  as  great  loads  as  dry  soils 
will. 

Cost  of  Pile  Foundations. — The  procedure  and  conditions  con- 
nected with  construction  of  pile  foundations  are  so  extremely 
variable  that  reliable  data  on  costs  can  scarcely  be  given.  The 
cost  of  piles  delivered  depends  on  whether  local  timber  is  available 
for  use  or  not,  upon  price  standing,  cost  of  cutting  and  cost  of 
transportation.  The  cost  of  timber  piles  in  place  for  ordinary 
lengths  averages  about  as  follows: 


Piles  delivered  

Handling  and  sharpening. 

Driving  

Sawing  off  


Total  per  pile. 


Cost  per  lin.  ft. 

$0.20  to  $0.35 
.15  to  .40 


Cost  per  pile 

$6 . 00  to  $  9 . 00 
.  30  to       .  50 
3.00  to  12.00 
.  20  to       .  50 


50  to  $22 . 00 
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The  following  analysis  of  cost1  shows  the  items  involved  in  the 
cost  of  driving,  being  the  record  of  519  piles  about  24  ft.  long, 
or  10,056  linear  feet,  at  the  construction  of  a  bridge  in  New  York. 


Item 


Freight  

Unloading  and  loading,  plant  and  team  hire 

Cost  of  barge  

Oil  and  grease  

Bolts  and  nails  

Blacksmi  thing  

Repairs  to  pile  driver  plant  

Rope  for  hammer  

Coal,  30  tons  at  $4.50  

Labor  

Superintendence  and  overhead  

Interest  on  investment  

Depreciation  of  plant  

Total  

Salvage  of  barge  

Total  cost  per  linear  foot  


While  this  cost  is  unusually  low,  the  analysis  of  the  cost  is 
typical. 

Reinforced  concrete  piles  cost  considerably  more  than  timber 
piles,  both  for  the  piles  themselves  and  for  the  driving.  The 
following  figures  illustrate  the  cost  for  a  job  in  Nebraska  in  1916. 2 


Per  lin.  ft. 

Per  pile 

Materials  

$0.61 

$27.31 

Labor  

.17 

7.69 

.22 

8.84 

Total  

1.00 

$43.84 

In  the  Proc.  American  Railway  Engineering  Association,  Vol. 
16,  p.  824  some  data  are  given  with  regard  to  the  cost  of 

1  Engineering  News,  Aug.  26,  1916. 

2  Engineering  and  Contracting,  July  26,  1916. 


474    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


concrete  piles;  the  average  was  about  $1.10  per  linear  foot  in 
place,  the  range  being  from  $0.94  to  $1.60. 

In  previous  years,  miscellaneous  types  of  piles,  such  as  steel 
screw  piles,  and  disc  piles  have  been  used,  but  their  use  has  been 
nearly,  if  not  entirely,  discontinued,  hence,  special  mention  of 
them  need  not  be  made  here. 

Removal  of  Water. — In  most  foundations  that  are  extended 
to  considerable  depth,  some  water  is  likely  to  be  encountered 
even  though  the  foundation  is  essentially  on  dry  ground.  This 
condition  may  arise  from  three  possible  sources,  (1)  rain,  (2) 
normal  ground  water,  and  (3)  springs. 

Where  foundations  cover  a  considerable  area,  rain  water  is 
likely  to  cause  trouble.  The  best  method  of  caring  for  this  is  to 
provide  a  sump  at  the  low  point  of  the  foundation,  drain  the 
water  from  all  the  area  into  this  sump,  and  then  pump  from  this 
sump  into  a  natural  or  an  artificial  water  course.  Effort  and 
funds  will  be  well  spent  in  securing  satisfactory  drainage,  and  in 
the  case  of  an  extensive  foundation,  a  sump  partially  lined  with 
timber  may  be  constructed  profitably,  especially  where  the  work 
is  to  last  over  a  considerable  period  of  time. 

Steam  pulsometer  pumps  are  very  convenient  for  removing 
water  from  the  sump  and  are  fairly  efficient.  Centrifugal  pumps 
are  also  frequently  used,  but  the  installation  is  somewhat  more 
complicated  than  with  the  pulsometer.  Where  steam  power  is 
not  available,  centrifugal  pumps  can  be  run  by  an  electric  motor 
conveniently.  Special  pumping  units  consisting  of  a  gasoline 
engine  and  pump  on  the  same  frame  are  available  on  the  market 
and  are  extremely  valuable  for  this  purpose. 

Supporting  Existing  Structures  During  Reconstruction  of 
Foundations. — In  a  large  proportion  of  the  cases  of  construction 
that  arise,  existing  structures  must  be  supported  while  the  new 
construction  of  foundations  is  in  progress.  Three  typical 
schemes  of  procedure,  or  devices,  are  utilized  to  accomplish  this 
end,  viz.,  (a)  shores  or  pushers,  (b)  needle  beams  and  (c)  under- 
pinning. 

Figure  2401  illustrates  the  method  of  supporting  a  brick  wall 
by  means  of  shores.  The  process  consists  simply  of  inserting 
shores  or  props  into  notches  in  sufficient  number  to  carry  the 
load.  Jack  screws  may  be  placed  at  the  bottom  of  such  shores 
to  raise  the  wall  when  desired. 

1Jacoby  and  Davis,  "Foundations  of  Bridges  and  Buildings,"  p.  502. 
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Figure  240  also  illustrates  typical  procedure  in  supporting  a 
building  by  needle  beams.  The  process  consists  in  making  an 
opening  through  the  wall  or  under  the  column  to  be  supported, 
inserting  the  needle  beams,  and  blocking  up  rigidly  under  them, 
and  then  removing  the  original  supporting  masonry. 


Fig.  240. — Shores  and  needle  beams. 


While  the  term  underpinning  is  sometimes  employed  to  signify 
any  method  of  supporting  a  structure  on  temporary  falsework, 
yet  it  is  applied  to  a  particular  mode  of  procedure  in  doing  so. 
This  procedure  consists  in  modifying  the  existing  foundation 
piecemeal.  It  is  used  especially  in  the  sinking  of  foundations  to 
a  greater  depth.  Portions  of  the  foundation  are  extended  some 
distance  apart  and  these  new  portions  serve  as  columns  while  the 
remainder  of  the  foundation  is  being  placed. 
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Three  principal  methods  of  underpinning  are  in  vogue.  The 
first  is  accomplished  by  excavating  at  intervals  under  the  existing 
wall  down  to  a  solid  stratum  or  to  the  desired  depth  for  the  new 
foundation,  building  up  masonry  columns  or  piers  at  these  spaces 
and  then  filling  the  intervals  with  the  finished  wall,  the  piers 
previously  placed  becoming  a  part  of  the  finished  wall. 

The  second  method  is  the  cylinder  method  or  the  Breuchaud 
method,  so  named  after  its  inventor,  and  is  a  patented  process. 
The  procedure  is  to  excavate  at  intervals  under  the  existing  walls 
and  place  sectional  steel  cylinders  under  these  open  spaces  and 
force  them  down  into  the  ground  to  a  solid  stratum  or  to  the 
desired  foundation  by  jacking  against  the  existing  wall.  After 
they  have  reached  the  desired  depth,  the  earth  inside  the  cylinder 
is  removed  by  a  man  entering  the  cylinder,  the  latter  being  not 
less  than  about  30  inches  in  diameter,  and  then  filling  the  cylinder 
with  concrete  after  the  inside  has  been  entirely  cleared,  thus 
forming  a  pier  to  the  desired  foundation. 

The  third  is  the  vertical  tunnel  method,  or  the  Thompson 
method.1  Vertical  shafts  are  sunk  at  intervals  under  the  wall  by 
a  procedure  much  like  that  used  in  the  "Chicago  method"  of 
sinking  wells  for  concrete  piers.  Steel  shells  are  inserted  suc- 
cessively in  segments  as  the  excavation  proceeds  downward. 
Where  water  is  encountered,  compressed  air  must  be  used  of 
course.  Afterwards  the  shafts  are  filled  with  concrete  in  the 
usual  manner. 

1  Trans.  Am.  Soc.  C.  E.,  vol.  67,  p.  553. 
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OPEN  FOUNDATIONS  UNDER  WATER 

Introduction. — The  ability  to  sink  foundations  under  water, 
either  beneath  a  stream  or  below  the  water  table  on  land  near  a 
stream,  has  made  possible  many  bridges  and  other  structures 
which  otherwise  would  have  been  impossible.  By  inserting 
intermediate  piers,  bridges  can  be  placed  across  streams  which 
would  have  been  too  wide  to  cross  with  a  single  span.  In 
ancient  times  before  these  processes  were  developed,  such  founda- 
tions were  built  either  by  diverting  the  stream  partially  or 
wholly,  or  by  piling  rocks  in  the  bed  and  placing  the  masonry 
thereon.  The  development  of  railroads  requiring  heavy  bridges 
as  well  as  the  advent  of  the  high  office  building  has  made  neces- 
sary more  enduring  and  unyielding  foundations,  and  many 
devices  have  been  adopted  for  securing  such  foundations.  The 
methods  commonly  used  may  be  classed  as  follows: 

A.  Coffer-dams: 

1.  Sheet  piles, 

2.  Cellular, 

3.  Puddle, 

4.  Crib, 

5.  Movable, 

6.  Metal; 

B.  Open  caissons: 

1.  Timber, 

2.  Metal  cylinders; 

C.  Box  caissons: 

1.  Timber, 

2.  Reinforced  concrete; 

D.  Pneumatic  caissons: 

1.  Stationary, 

2.  Drop; 

E.  Solidifying  aquiferous  formations: 

1.  Freezing, 

2.  Grouting. 

Charles  Evan  Fowler1  gives  the  following  data  as  to  the  limiting 
depths  of  various  foundation  methods,  see  Table  XXXV. 
1  Engineering  and  Contracting,  Mar.  23,  1921. 
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 Table  XXXV.— Limits  for  Foundation  Methods 


1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 


Earth  bank  cofferdam  

Log  crib  cofferdam  

Sheet  pile  cofferdam  

Removable  box  cofferdam 

Cribs  and  tubes  

Open  dredge  caisson  

Diving  bell  caisson  

Pneumatic  caisson  

Comb.  dr.  and  pn.  caisson 

Ballmatic  caisson  

Freezing  process  

Grouting  process  


Min. 
depth, 
Ft. 

Economic 
max. 
depth, 
r  t. 

Max. 
possible 
depth, 
Ft. 

1 

6  to  7 

8  to  10 

4 

14  to  16 

20  to  25 

5 

14  to  16 

25  to  30 

5 

10  to  12 

15  to  20 

5 

18  to  20 

20  to  30 

20 

80  to  90 

250 

10 

40  to  60 

80 

20 

70  to  80 

110 

20 

90  to  100 

110  + 

60 

80  to  90 

250 

25 

40  to  80 

125 

10 

30  to  60 

125 

The  choice  of  type  for  subaqueous  foundations  depends  upon 
a  number  of  factors,  among  which  may  be  mentioned: 

1.  Magnitude  and  character  of  loads  to  be  carried; 

2.  Depth  to  rock  or  other  suitable  bearing  stratum; 

3.  Depth  of  water; 

4.  Character  of  soil  to  be  penetrated; 

5.  Cost. 

In  certain  cases,  the  character  of  the  load  to  be  carried,  as  in 
the  case  of  an  isolated  tower,  is  such  that  a  small  amount  of 
settlement  may  do  no  harm,  hence,  it  is  needless  to  incur  great 
expenditure  to  secure  an  unyielding  foundation  for  such  a 
structure.  On  the  other  hand,  in  the  case  of  large  bridges,  par- 
ticularly the  cantilever  and  arch  types,  and  of  high  buildings 
settlement  might  lead  to  disaster. 

Coffer-dams.  A  coffer-dam  is  an  enclosure  constructed  to 
exclude  water  from  the  area  of  operations  during  construction. 
In  character,  it  may  vary  from  a  simple  dike  of  earth,  bags  of 
sand,  or  other  simple  construction  to  a  rather  complicated 
structure  of  timber  or  of  steel.  Earth  coffer-dams  have  been 
successfully  used  for  depths  of  4  or  5  ft.  where  the  current  is  not 
swift,  and  steel  sheet  piling  coffer-dams  have  been  used  for  depths 
up  to  50  ft.  Earth  coffer-dams  are  sometimes  reinforced  with 
facines  or  brush. 

In  order  to  be  satisfactory,  a  coffer-dam  should  have  four 
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requisites:  (1)  It  should  be  strong  enough  to  withstand  the  pres- 
sures due  to  water,  mud  and  floating  debris;  (2)  it  should  be 
sufficiently  flexible  that  a  small  obstruction  can  be  passed  during 
the  process  of  excavation  without  destroying  the  structure;  (3) 
it  should  be  as  nearly  watertight  as  practicable,  although  some 
pumping  must  always  be  expected;  and  (4)  the  cost  should  be 
reasonably  low,  for  the  structure  being  inherently  of  a  temporary 
nature,  any  expense  incurred  in  the  construction  that  cannot  be 
recovered  in  salvage  will  be  lost. 

The  type  of  coffer-dam  to  be  selected  depends  upon  the  condi- 
tions surrounding  the  work.  The  most  economical  coffer-dam 
is  the  one  which  makes  the  total  cost  of  the  structure  a  minimum; 
that  is,  the  initial  cost,  plus  the  cost  of  maintaining  it,  plus  the 
cost  of  pumping  the  water  out,  less  the  salvage  value,  should  be 
a  minimum. 


-30'-0- 


Fig.  241. — Internal  framing  of  a  timber  cofferdam. 


Sheet  Pile  Coffer-dams. — Sheet  piles  may  be  of  either  timber, 
steel  or  reinforced  concrete,  although  the  practicability  of  the 
last  has  not  been  demonstrated  by  their  limited  application  to 
date.  Sheet  pile  coffer-dams  may  be  either  of  single  wall 
or  double  wall  type. 

Timber  sheet  piles  are  usually  about  3  to  4  in.  thick  and  10  or 
12  in.  wide  and  can  be  obtained  in  almost  any  length  up  to  40  ft. 
When  used  in  a  coffer-dam,  they  may  be  supported  inside  by  a 
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242.— Wakefield 
sheet  piling. 


row  of  piles  driven  parallel  to  the  wall  with  wales  attached  out- 
side against  which  the  sheet  piles  are  driven  or  by  internal  fram- 
ing similar  to  that  shown  in  Fig.  241,  this  latter  being  the 
preferable  type.  Where  pressures  of  considerable  magnitude  are 
expected,  only  clear  straight  grained  sheet  piling  should  be  used. 
The  author  has  seen  complete  failures  of  coffer-dams  built  of 
common  or  inferior  timber  for  sheet  piles 
where  the  use  of  first  quality  timber  at  the 
same  site  brought  success.  Fir,  Douglas  fir, 
yellow  pine  and  hemlock  are  most  commonly 
used  as  sheet  piles. 

Timber  sheet  piles  may  be  driven  singly, 
or  planks  may  be  bolted  together  in  triple 
lap  to  form  a  tongue-and-groove  effect  as  in 
Fig.  242.  This  latter  arrangement  is  com- 
monly called  the  Wakefield  sheet  pile,  al- 
though the  patent  rights  have  expired. 
Wakefield  piles  are  stronger  and  stand  driv- 
ing better  than  do  piles  of  single  timbers, 
chiefly  because  imperfections  such  as 
knots  and  cross  grain  do  not  extend  through  the  three  planks. 
Right  angle  corners  may  be  turned  with  Wakefield  piling  by 
spiking  a  tongue  to  the  side  of  one  pile  and  driving  the  next  one 
at  right  angles  along  this  tongue.  The  bottom  of  each  pile  is 
beveled  towards  the  one  already  driven  in  order  to  force  it  to 
stay  tight  against  the  latter.  The  groove  should  always  be 
driven  down  over  the  tongue,  for  if  the  pile  with  the  groove 
exposed  should  be  already  in  the  ground,  the  groove  would 
become  filled  with  earth  and  the  insertion  of  the  tongue  would 
be  made  with  difficulty. 

Steel  Sheet  Piling— Steel  sheet  piling  consisting  of  rolled 
shapes  with  an  interlocking  device  is  made  in  a  variety  of  forms 
by  different  manufacturers  and  forms  a  stronger  and  more  nearly 
watertight  coffer-dam  than  does  timber  sheet  piling.  Figure  233 
shows  a  58  by  78-ft.  coffer-dam  at  92nd  Street  bridge  in  the 
Chicago  River  under  a  head  of  23  ft.  The  sheet  piling 
were  braced  internally  by  wales  and  cross  struts,  the  piling 
being  driven  through  the  spaces  in  the  framing.  Figure  243 
shows  a  circular  coffer-dam  of  Lackawanna  steel  piling  surround- 
ing a  circular  pier  under  a  head  of  20  ft.  of  water. 

Figure  244  shows  a  telescoped  coffer-dam  of  steel  sheet  piling 
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for  a  deep  foundation  under  a  pier  of  the  Tunkhannock  viaduct 
of  the  Lackawanna  R.  R.  The  total  depth  of  the  coffer-dam  was 
about  75  ft.,  the  outer  coffer-dam  extending  about  half  this 


Fig.  243. — Steel  sheet  piling  coffer-dam. 


depth  and  the  inner  coffer-dam  the  remainder.  The  inner  row  of 
sheet  piles  was  driven  to  their  full  depth,  the  inclosed  material 
excavated  and  the  bracing  placed.    Then  the  outer  row  was 


Fig.  244. — Telescoped  sheet  piling  coffer-dam. 


driven  4  ft.  8  in.  outside  the  inner  and  the  space  between  the 
two  rows  excavated  and  the  outer  row  braced  above  the  tops  of 
the  inner  piling.    The  inner  row  was  then  again  driven  to  full 
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depth  and  the  excavation  completed,  the  waling  and  braces  on 
the  outside  row  being  placed  as  the  driving  proceeded. 

Table  XXXVI  gives  the  properties  of  some  of  the  common 
types  of  steel  sheet  piles. 


Table  XXXVI. — Properties  of  Steel  Sheet  Piles 


Weight, 

Least  rad. 

Section 

Manufacturer 

Type  of  web 

Size,  in. 

lbs.  per 

of  gyra- 

modulus, 

ft. 

tion,  in. 

in.3 

Lackawanna 

Straight 

7    v  \A 

n  V7 
u .  ot 

U.  07 

Steel  Co. 

Straight 

37.19 

0.76 

4.04 

Straight 

193/vI/ 

42 . 50 

0. 73 

4.12 

Flanged 

15  XKe 

60.00 

1.01 

5.73 

Arched 

14  X% 

40.83 

1.15 

7.61 

Arched 

15  XKe 

46.50 

1.29 

11.80 

Carnegie 

U.  S. 

9 

16.00 

0.56 

1.13 

Steel  Co. 

u.  s. 

12H 

38.00 

0.87 

4.30 

u.  s. 

12K 

43.00 

0.85 

4.53 

Friestedt 

12 

33.00 

1.30 

6.84 

Fries  ted  t 

12 

38.00 

1.37 

9.62 

Friestedt 

15 

38.00 

1.51 

11.74 

Friestedt 

15 

44.00 

1.59 

14.88 

Symmetrical 

10 

28.00 

1.10 

3.64 

Symmetrical 

12 

34.00 

1.31 

6.63 

Symmetrical 

15 

39.00 

1.52 

11.44 

Symmetrical 

15 

45.00 

1.60 

14.55 

The  loads  to  which  a  sheet  pile  coffer-dam  is  subject  consist 
of  the  pressure  of  the  water  and  earth  outside,  similar  to  that  on 
a  dam  or  retaining  wall,  and  the  blows  that  may  come  from  the 
floating  debris,  impact  of  barges,  etc.  The  former  can  be  esti- 
mated in  a  manner  similar  to  that  employed  for  quay  walls. 

Usually  sheet  piling  can  be  used  more  than  once  if  care  is 
exercised  in  the  pulling.  Three  or  four  times  represents  perhaps 
about  the  average  re-use  of  steel  sheet  piles.  Various  devices 
are  available  for  pulling  the  piles  with  a  minimum  of  injury  to 
the  piles.  A  block-and-tackle  attached  to  a  lever  is  commonly 
used  for  pulling  piles,  and  sometimes  an  inverted  steam  pile 
driver  is  used  advantageously  for  this  purpose.  The  facility  of 
pulling  varies  greatly,  the  daily  average  being  about  30  to  50. 

Cellular  Coffer-Dams. — For  open  foundations  of  greater 
depth,  surrounded  by  water,  cellular  coffer-dams  are  frequently 
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used.  The  cells  are  formed  of  sheet  piling  and  filled  with  puddle. 
Where  these  cells  are  of  considerable  depth,  the  internal  pres- 
sure from  the  puddle  may  need  to  be  taken  into  consideration 
lest  it  pull  the  piles  apart.  A  cellular  coffer-dam  was  used  in 
raising  the  Battleship  "Maine"  in  the  Havana  harbor  under  a 
head  of  37  ft.  of  water  and  21  to  23  ft.  of  soft  harbor  bottom. 
The  cells  were  circular  and  were  50  ft.  in  diameter. 

Puddle  Coffer-dams. — Coffer-dams  for  considerable  depth, 
over  about  20  ft.,  are  made  with  a  double  row  of  sheet  piling  or 
a  double  wall  of  cribbing,  and  the  space  between  the  two  walls 
filled  with  puddle  of  clay  and  gravel.  With  either  timber  or 
steel  sheet  piles,  it  is  necessary  to  tie  the  two  rows  of  piles  together 
to  enable  them  to  withstand  the  pressure  resulting  from  the  fill  or 
puddle.  In  the  case  of  timber  piles,  this  is  accomplished  by 
placing  tie  rods  between  wales  running  along  the  outside  of  the 
piles.  In  the  case  of  steel  piles,  tie  rods  may  be  attached  directly 
to  the  piles. 

The  distance  between  the  two  rows  of  piles  varies  with  the 
pressure  to  which  they  may  be  subjected  and  the  embedment  in 
the  bottom.  Single  rows  of  piling  are  sufficiently  watertight 
usually  for  heads  of  water  up  to  20  ft.,  but  for  greater  depths 
than  this  puddling  is  commonly  necessary,  and  for  great  depths, 
the  walls  must  be  a  considerable  distance  apart,  and  are  ordin- 
arily connected  by  dividing  walls  forming  cells. 

The  material  best  suited  for  puddle  is  a  mixture  of  clay,  sand 
and  gravel,  with  an  excess  of  clay  over  that  required  to  fill,  the 
voids  of  the  coarser  material.  Sand  alone  is  too  permeable  to 
be  satisfactory  and  clay  washes  so  rapidly  when  a  leak  is  once 
started  that  it  is  unsatisfactory.  On  the  other  hand,  a  mixture 
of  clay,  sand  and  gravel  readily  settles  into  the  cavity  when  a 
leak  is  started  and  stops  the  flow. 

Design  of  Coffer-dams— The  design  of  coffer-dams  does  not 
admit  of  definite  analysis  because  of  the  many  unknown  and 
indeterminate  factors  in  the  problem,  such  as  floating  debris, 
ice,  uncertain  external  pressures,  etc.  The  pressure  from  the 
water  and  earth  outside  can  be  calculated  with  a  precision  that 
depends  entirely  upon  the  definiteness  with  which  the  properties 
of  the  surrounding  materials  are  known;  likewise,  the  pressure 
resulting  from  the  puddle  depends  entirely  upon  the  composition 
and  the  fluidity  of  the  puddle.  The  character  of  the  external 
pressures  on  a  single  wall  coffer-dam  is  indicated  in  Fig.  245. 
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An  equation  which  shows  the  proper  spacing  of  wales  for 
various  conditions  is  derived  by  F.  R.  Sweeny,1  Engineer  for 
The  Foundation  Company,  Pittsburgh,  as  follows: 


Fig.  245. — External  pressures  on  a  cofferdam. 


Let  w  *=  the  weight  of  the  material  outside  the  sheeting  per 
cu.  ft. 

k  =  the  ratio  of  horizontal  to  vertical  pressure 
S  =  the  span  of  wales  in  feet 
L  =  the  span  of  sheeting  in  feet 

n  =  the  number  of  wales  from  top,  not  counting  the  top  one 
Dh  D2  .   .  .  Dn  =  distances  in  feet  to  the  respective  wales 
b  and  d  =  width  and  depth  of  wales  respectively 
h  =  the  depth  to  the  point  under  consideration 
/  =  safe  stress  in  wale  in  lbs.  per  square  inch 
W  =  the  allowable  load  on  a  wale  of  span  S 
The  total  load  on  one  panel  equals  %wkh2S,  distributed  over 
n  wales.    The  allowable  load  on  one  wale  is/6d2/9>S,  hence, 

-  ""kh2S 

4.5wkh*S* 


n  = 


fbd? 
9S 


fbd* 


>  or  h 


-4 


fbd2n 


Taking  moments  about  the  surface, 
:  /  fbd2n 


n-W-  X 


3  \l4.5wkS2 
Solving  for  Dn 

2  lfbd2ns 
S\4.5wkS2  ~ 


Dn  = 


=  WD,  +  WD2  + 


(£>i  +  D2  + 


4.5wkS2 


WDn 


(1) 


Dn-l) 
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and  substituting  the  value  of  Dn-i 

2   IfbdW  _  2  ifbd2(n  -  l)3 
"  ~  S\4:.5wkS2     3 \  4.5w/c£2 

=  0.314  |^[V^3  -  V(n  -  l)8] 

This  equation  expresses  the  distance  down  to  the  successive 
wales.  Figure  246  shows  the  graphical  solution  of  this  equation 
where  the  material  is  water  for  a  fiber  stress  of  1,500  lb.  per  square 
inch.  To  obtain  the  spacing  of  wales  for  other  materials,  it  is 
necessary  to  multiply  by  the  factors  shown  in  Table  XXXVII 
the  top  surface  being  assumed  as  level: 


Table  XXXVII. — Spacing  of  Wales  in  Coffer-dams 


Unit 

Coefficients 

for  different 

weight, 

soils 

at  fiber 

stress 

Material 

Ratio  k 

lbs. 

per 

cu. 

ft. 

1,000 

1,500 

2,000 

62 

5 

1 

00 

0 

816 

1 

00 

1.55 

130 

0 

0 

59 

0 

736 

0 

902 

1.04 

Clay,  damp  

120 

0 

0 

16 

1 

47 

1 

80 

2.08 

Clay,  dry.  

110 

0 

0 

41 

0 

95 

1 

80 

1.36 

Sand,  wet  

120 

0 

0 

33 

1 

02 

1 

25 

1.44 

Sand,  damp  

110 

0 

0 

21 

1 

34 

1 

65 

1.90 

100 

0 

0 

27 

1 

24 

1 

52 

1.76 

110 

0 

0 

33 

1 

07 

1 

31 

1.51 

Loam,  damp  

90 

0 

0 

16 

1 

70 

2 

08 

2.40 

Loam,  dry  

80 

0 

0 

21 

1 

57 

1 

92 

2.22 

90 

0 

0 

50 

1 

96 

1 

18 

1.36 

Gravel;  graded  

120 

0 

0 

21 

1 

28 

1 

58 

1.82 

40 

0 

0 

21 

2 

23 

2 

73 

3.16 

The  exigencies  of  construction  usually  determine  the  spacing 
of  braces  and  hence,  the  span  of  the  wales.  However,  the  mini- 
mum amount  of  timber  f.b.m.  is  secured  with  a  span  about  4  ft. 
for  8  by  8  in.  wales  and  about  10  ft.  for  12  by  12  in.  wales.  This 
economic  criterion,  however,  will  seldom  be  applicable.  It  is 
customary  to  allow  nothing  for  the  value  of  continuity  but  to 
calculate  the  members  as  simple  beam  spans. 

Coffer-dams  usually  fail  by  "blows,"  or  the  forcing  of  material 
beneath  the  edge.  To  secure  watertightness  is  particularly 
difficult  where  a  coffer-dam  rests  on  rock.    Small  leaks  can  some- 
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times  be  stopped  by  throwing  ashes  into  the  water,  because  they 
are  carried  into  the  crevice  and  thus  stop  the  flow. 

A  crib  coffer-dam  must  be  designed  so  that  it  will  not  turn 
over  nor  slide  as  a  whole.  In  this  respect,  the  structure  is 
commonly  considered  as  acting  as  a  unit  much  as  a  masonry  dam. 


g  6  7   6  9  10  II  12  13-  14  15  16  11  18  19 
Span    of  Wale,  Feet 


I   2  3  4  5   6  7  8  9   10  1112  13  14  15  16  17  18  19  20 
Number   of  Wciles    from  Surface 


Fig.  246. — Chart  for  spacing  the  wales  in  a  cofferdam. 


Open  Caissons. — The  word  caisson  is  derived  from  the  French 
word  meaning  box.  As  applied  to  engineering  construction,  a 
caisson  may  be  defined  as  a  large  watertight  box  used  to  exclude 
water  or  other  fluid  and  semi-fluid  material  during  excavation  of 
foundations  and  the  construction  of  substructures,  which 
ultimately  becomes  an  integral  part  of  the  subtructure.  This 
box,  or  caisson,  may  be  "open,"  that  is,  without  a  bottom,  or  it 
may  have  a  bottom,  or  it  may  have  a  bottom  and  be  inverted 
as  in  a  pneumatic  caisson.  The  ordinary  open  caisson  consists 
of  a  single  timber  walled  box,  the  walls  usually  being  built  crib 
fashion  and  sheathed.  Sometimes,  the  caisson  is  constructed  of 
reinforced  concrete.  In  either  case,  the  enclosed  earth  materials 
are  dredged  out  as  the  caisson  sinks,  a  water  jet  sometimes  being 
used  to  aid  the  sinking. 
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Theoretically,  the  depth  to  which  an  open  caisson  can  be  sunk 
is  limited  only  by  the  possibilities  of  forcing  the  caisson  down, 
although  the  practicality  of  its  use  is  limited  because  of  the 
interference  of  logs,  boulders,  etc.  under  the  cutting  edge. 
Where  there  is  not  much  earth  overlying  rock,  open  caissons 


Hau*  Section  of    Half  End 
Half  section  Half  Elevation  Dredging  Well  Elevation 

Fig.  247. — Open  caisson  for  the  New  London  bridge. 


may  be  used  advantageously,  but  with  the  improvement  of 
method  in  the  use  of  pneumatic  caissons,  they  are  not  so  widely 
used  as  formerly.  For  depths  exceeding  about  110  or  115  ft., 
the  limit  of  the  pneumatic  caisson  foundation,  the  open 
caisson  becomes  a  necessity.  In  the  case  of  the  N.  Y.  C. 
&  H.  R.  R.  R.  bridge  over  the  Thames  River  at  New  London, 
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Conn.,  the  total  depth  of  one  of  the  piers  was  142  ft.,  and  at  the 
Fraser  River  bridge  at  New  West  Minster,  B.  C,  the  depth  was 
135  ft.  through  silt  and  sand.  The  depths  at  which  open  caissons 
may  be  used,  therefore,  vary  from  shallow  to  the  deepest  to 
which  foundations  have  been  sunk,  although  most  commonly, 
the  method  in  recent  years  has  proved  most  useful  for  depths 
greater  than  the  limit  for  pneumatic  foundations.  However, 
the  open  caisson  is  still  frequently  used  for  comparatively 
shallow  foundations  of  50  ft.  and  under. 

The  advantage  of  the  open  caisson  method  of  sinking  founda- 
tions lies  in  the  fact  that  all  work  is  done  above  water,  while  the 
disadvantage  results  from  the  fact  that  the  site  of  the  foundation 
is  never  unwatered,  and  hence,  cannot  be  cleaned  carefully 
before  the  concrete  is  deposited,  and  also,  since  the  concrete 
must  be  deposited  under  water,  the  quality  of  the  concrete  may 
be  impaired.  The  chief  difficulties  encountered  are  (1)  that 
logs,  boulders,  and  other  obstructions  are  struck  by  the  cutting 
edge  and  are  frequently  difficult  to  dislodge,  and  (2)  that  due 
to  the  lack  of  uniformity  of  materials  encountered,  the  caisson 
sinks  unevenly  and  is,  as  a  consequence,  difficult  to  guide. 

Some  of  the  points  to  be  kept  in  mind  in  the  design  of  an 
open  caisson  are: 

1.  Since  the  sinking  is  not  under  close  control,  the  caisson  should  be  large 
enough  in  plan  to  allow  a  slight  shifting  of  the  pier  from  a  perfectly  central 
position  with  respect  to  the  caisson. 

2.  The  dredging  wells  should  be  so  distributed  that  the  excavation  can  be 
of  such  sequence  as  to  guide  the  caisson  in  sinking.  Instead  of  a  single 
row  of  wells  on  the  center  line,  a  distribution  nearer  the  edge  is  preferable, 
as  illustrated  in  Fig.  247, 1  which  shows  the  Thames  River  bridge  of  the 
N.  Y.  N.  H.  &  H.  R.  R.  at  New  London,  Conn. 

3.  Steel  frame  cutting  edges  filled  with  concrete,  not  only  serve  their 
purpose  well  as  cutting  edges,  but  they  add  stability  while  launching,  and 
prevent  listing. 

4.  Jetting  pipes  should  be  placed  in  such  position  that  they  will  not  inter- 
fere with  the  dredging. 

Cylinder  Caissons. — Bridge  substructure  frequently  is  built 
by  means  of  steel  cylinders  being  sunk  to  a  solid  foundation  bed, 
dredging  out  the  inclosed  material,  and  then  filling  with  con- 
crete. These  cylinders  consist  of  steel  plates,  usually  5  ft.  wide 
between  rivet  lines,  and  are  riveted  together  in  the  field  as  the 
cylinders  are  sunk,  the  sinking  being  accomplished  by  weighting. 

1  Engineering  Record,  Dec.  16,  1916. 
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The  material  inside  the  cylinder  is  sometimes  removed  by  hand, 
sometimes  by  pumping  with  a  centrifugal  pump,  where  it  is  a 
soft  silt,  and  sometimes  by  dredging  with  a  small  orange  peel 
dredge  bucket.  Where  the  cylinders  are  not  sunk  to  a  suffici- 
ently solid  stratum  to  secure  adequate  bearing,  piles  may  be 
driven  in  the  bottom. 

An  interesting  example  of  this  mode  of  securing  a  foundation 
is  found  in  the  construction  of  the  Ft.  William  bridge  of  the 
Grand  Trunk  R.  R.  in  Ontario.1  The  first  pier  consisted  of  the 
steel  cylinder  31  ft.  in  diameter,  sunk  to  bed  rock  under  a  head 
of  60  ft.  and  filled  with  concrete.  The  cylinder  was  composed  of 
}4  in-  steel  plates  10  ft.  long  and  5  ft.  wide,  riveted  together  in 
the  field,  double  riveted  with  %-in.  rivets  on  vertical  seams,  and 
single  riveted  on  horizontal  seams.  Five  courses  had  been 
riveted  up  when  the  shell  touched  bottom,  and  the  weight  was 
sufficient  to  cause  the  shell  to  sink  about  a  foot  into  the  bottom. 
By  attaching  jacks  to  piling  that  had  already  been  driven, 
the  shell  was  forced  down  to  a  total  penetration  of  7  ft.  After  the 
material  had  been  pumped  out,  a  "blow"  occurred,  allowing  the 
cylinder  to  fill.  It  was  then  forced  down  by  weighting  with  175 
tons  of  steel  rails  for  another  5  ft.  Even  then,  it  was  impossible 
to  pump  out  the  water,  whereupon,  a  form  was  constructed 
inside  the  shell  and  hung  from  the  top,  leaving  an  opening  for 
dredging  through  the  middle,  and  into  this  form,  concrete  was 
placed.  The  spoil  was  then  dredged  out  and  the  cylinder  with 
its  thick  concrete  lining  sank  gradually  to  bedrock.  It  was  then 
sealed  at  the  bottom  by  depositing  a  foot  of  concrete  under  water 
at  the  bottom.  The  water  was  then  pumped  out,  the  opening 
filled  with  concrete,  and  the  pier  completed.  The  project  was 
begun  with  a  view  to  using  the  cylinder  as  a  coffer-dam  and 
unwatering  the  site,  but  when  dredging  was  resorted  to,  the 
cylinder  became  virtually  an  open  caisson. 

Where  the  steel  cylinders  project  above  the  water  surface 
and  form  the  bridge  seat,  it  is  desirable  to  have  them  properly 
braced  laterally  by  frames  between  the  cylinders  and  riveted  to 
the  latter.  Cast  iron  cylinders  have  been  used  in  some  instances, 
but  experience  has  shown  that  they  are  unsatisfactory,  particu- 
larly for  the  lower  sections  because  of  their  brittleness.2  Econ- 
omy in  weighting  the  cylinder  to  cause  the  sinking  may  be 

1  Trans.  Am.  Soc.  C.  E.,  vol.  62,  p.  113. 

2  Proc.  Inst,  of  Civil  Engineers,  vol.  103,  p.  135. 
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effected  by  building  a  double  wall  so  that  part  of  the  permanent 
masonry  can  be  used  for  this  purpose. 

The  depth  to  which  steel  cylinders  may  be  sunk  depends  upon 
the  character  of  the  materials  penetrated.  Caissons  for  the 
Omaha  bridge  over  the  Missouri  River  were  sunk  to  a  depth  of 
about  100  ft.  below  water  level,  the  material  being  50  ft.  of  sand 
and  clay,  and  60  ft.  of  gravel  and  sand.  Eight-foot  cylinders  for 
the  Atchafalaya  bridge  at  Morgan  City,  La.,  were  sunk  to  a  depth 
of  120  ft.  below  water  level  and  70  to  115  ft.  below  mud  line. 
Records  indicate  the  skin  friction  on  metal  caissons  to  be  about 
80  to  200  lbs.  per  square  foot. 

Cylinder  caissons  have  sometimes  been  built  of  reinforced 
concrete  with  satisfactory  results.  The  caisson  at  Penhorn  via- 
duct in  Jersey  City  was  built  in  20-ft.  sections  and  the  caisson 
was  sunk  this  distance  before  another  section  was  built,  each 
section  being  allowed  to  harden  six  days  before  sinking.  The 
average  rate  of  sinking  was  6^  ft.  per  day,  the  minimum  being 
13^  ft.  In  the  foundation  of  the  lumber  dock  at  Balboa,  C.  Z., 
the  sections  6-ft.  in  diameter  were  cast  separately  in  5-ft. 
lengths  and  added  as  the  caisson  sank,  the  junction  being  made 
with  dowels. 

Box  Caissons. — A  box  caisson  consists  of  a  watertight  box 
with  a  bottom  sunk  in  place  by  weighting.  When  it  is  con- 
structed of  timber,  the  walls  are  usually  of  the  crib  type  of  con- 
struction. Recent  practice,  however,  seems  to  favor  reinforced 
concrete  because  of  its  greater  permanence  and  its  freedom  from 
injury  by  marine  borers.  Box  caissons  are  most  frequently 
used  in  the  construction  of  breakwaters,  jetties,  wharves,  etc. 
because  of  the  difficulty  in  securing  a  bearing  by  other  means  in 
most  sites  for  such  structures,  although  the  method  has  been 
employed  frequently  in  constructing  light  bridge  piers.  Where 
an  adequate  bearing  on  good  sand  or  gravel  beds  can  be 
obtained  at  the  bottom  of  the  water,  box  caissons  afford  an  eco- 
nomical means  of  constructing  piers.  As  it  is  impracticable  to  sink 
box  caissons  through  soil  of  any  kind,  the  bearing  stratum  must 
be  essentially  at  the  bottom  of  the  water. 

Three  types  of  bearing  may  be  used:  (1)  the  caisson  may  rest 
on  a  natural  bed  of  sand  or  gravel  at  the  bottom  of  the  water,  (2) 
it  may  be  placed  on  piles  driven  and  sawed  off  at  the  bottom  of 
the  water,  or  (3)  it  may  be  placed  on  an  enrockment  or  pile  of 
rocks  placed  under  water  on  the  natural  bed. 
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Where  there  is  likely  to  be  heavy  scour  due  to  the  swift  current 
of  a  stream,  obviously  this  mode  of  construction  is  not  practical. 
It  is,  therefore,  best  adapted  to  use  along  beaches  of  lakes,  etc., 
where  there  is  no  current  and  where  a  suitable  bed  of  gravel  or  of 
sand  forms  the  lake  bottom. 

The  stresses  in  a  reinforced  box  caisson  result  chiefly  from  (1) 
the  water  pressure  on  the  outside,  (2)  flexure  resulting  from 
uneven  foundation  bed,  as  where  the  caisson  is  supported  only 
at  the  ends  or  at  the  middle.  The  pressure  of  the  water  on  the 
outside  is  maximum  as  the  caisson  plunges  into  the  water  from 
the  ways  and  is  approximately  wv2/32.2  lbs.  per  square  foot 
where  w  is  the  weight  of  the  water  per  cu.  ft.  and  v  is  the  velocity 
of  the  caisson  in  ft.  per  second. 

Reinforced  concrete  caissons  may  be  launched  when  the  con- 
crete is  only  10  days  old,  hence,  unit  compressive  stresses  should 
be  kept  low.  The  velocity  of  the  caisson  as  it  strikes  the  water 
will  depend  upon  the  slope  of  the  ways;  a  caisson  will  slide  down 
timber  ways  without  binding  if  the  latter  have  a  10 : 1  slope. 
Usually,  if  the  walls  are  designed  for  the  pressure  of  the  water  at 
launching,  they  will  sustain  other  pressures,  although  all  other 
contingencies  should  be  investigated. 

W.  V.  Judson,  M.  Am.  Soc.  C.  E.,  gives  the  following  directions 
for  the  design  of  reinforced  concrete  box  caissons  :l 

"Assume  a  reasonable  thickness  for  the  wall  dependent  upon  the 
flotation  desired,  etc.,  say  from  12  to  16  in.  Consider  the  wall  as  a 
series  of  discontinuous  beams,  one  above  the  other,  each  with  a  dis- 
tributed load  corresponding  to  the  water  pressure.  Take  the  span  in 
the  clear  without  allowance  for  filling  in  the  corners  where  the  walls 
meet.  .  .  .  The  vertical  rods  add  somewhat  to  the  strength  of  the 
walls  and  reinforce  against  diagonal  tension  when  the  caisson  is  con- 
sidered as  a  single  beam. 

"The  steel  in  the  bottom  is  determined  as  in  the  case  of  the  wall.  If 
the  caisson  is  to  rest  on  piles,  the  principal  reinforcement  usually  runs 
longitudinally  to  support  the  filling  from  one  pile  to  another.  For  use 
on  an  enrockmeht,  the  principal  rods  are  ordinarily  placed  transversely." 

Solidifying  Aquiferous  Formations. — In  quicksand  and  in 
certain  other  water-bearing  soils  of  a  sandy  nature,  foundations 
may  be  sunk  by  solidifying  the  soil.    Two  processes  have  been 

1  Engineering  News,  July  8,  1909. 
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used  to  a  limited  extent  for  effecting  the  solidification,  viz., 
the  freezing  process  and  the  grouting  process. 

The  freezing  process,  invented  by  F.  H.  Poetch  in  1883,  con- 
sists in  driving  return  pipes  into  the  soil  and  circulating  a  freez- 
ing mixture  through  them  until  the  soil  is  congealed.  The 
method  has  been  used  chiefly  in  sinking  shafts  through  quicksand 
and  has  been  used  in  one  instance  for  a  depth  of  816  ft.  How- 
ever, the  process  has  never  proven  sufficiently  practical  to  cause 
it  to  come  into  general  use. 

The  grouting  process  consists  essentially  of  forcing  hydraulic 
cement  grout  into  the  soil'  and  allowing  it  to  set  up  thus  forming 
a  weak  concrete.1  In  sand,  a  fairly  good  bearing  capacity  may 
thus  be  secured  in  addition  to  solidifying  the  soil  sufficiently 
to  facilitate  excavation.  The  procedure  is  to  drive  perforated 
pipes,  drawn  to  a  point  at  the  ends,  into  the  soil  and  to  pump  the 
grout  into  the  soil  by  this  means.  The  lack  of  uniformity  of 
distribution  of  the  grout  in  the  soil  is  the  chief  obstacle  in  the 
way  of  securing  satisfactory  results  by  this  means.  As  in  the 
freezing  process,  the  feasibility  of  the  grouting  process  has  not 
been  demonstrated  to  be  reliably  of  general  application. 

Costs  of  Open  Sub-aqueous  Foundations. — The  costs  of  coffer- 
dams and  open  caissons  are  so  variable  that  the  best  mode  of 
making  an  estimate  of  a  proposed  structure  is  to  analyze  the 
elements  of  cost,  the  chief  of  which  may  be  classed  somewhat  as 
follows: 


Materials: 

Timbers,  Y.P  f.b.m. 

Sheet  piles  f.b.m. 

Bolts,  nuts  and  washers  lb. 

Rods,  drift  bolts  lb. 

Boat  spikes  and  nails  lb. 

Dynamite  lb. 

Labor: 

Framing  f.b.m. 

Handling  materials  f.b.m. 

Driving  sheet  piles  ft. 

Removing  sheathing  f.b.m. 

Placing  puddle  cu.  yd. 

Excavation  cu.  yd. 


1  Trans.  Am.  Soc.  C.  E.,  vol.  29,  p.  639  and  Engineering  News,  May  8,  1913. 
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Plant  charge: 

Pile  driver  

Fuel  

Oil  

Repairs  

Pumps  

Dredge  

Pipe  

Hose  

Installing  plant. 
Removing  plant 


Total  plant  charge 
Less  salvage  value. 


Plant  charge  against  this  job  

General  expense: 

Superintendence   ©....%   

The  costs  of  these  elements  are  so  extremely  variable  that 
specific  figures  are  practically  valueless.  A  pile  driver  will 
drive  about  50  to  100  ft.  of  steel  piles  of  average  size  per  hour 
and  perhaps  50  to  200  ft.  of  timber  piles  per  hour  under  average 
conditions  of  soil. 


days  @  

. tons  @  

■  gal.  @  

©...-% 

days  @  

days  @  

.  .ft.  @  

.  .ft.  @  

days  @  

days  @ .  ; .  . .  . 


CHAPTER  XV 


FOUNDATIONS  UNDER  WATER,  PNEUMATIC  PROCESS 

Introduction. — The  pneumatic  process  of  sinking  foundations 
of  various  kinds  has  been  developed  chiefly  since  the  middle  of 
the  last  century,  being  first  used  in  sinking  pneumatic  piles,  or 
iron  cylinders,  at  Rochester,  England  in  1851,  and  in  America 
in  about  1855  on  the  Pedee  River  in  North  Carolina.  The  first 
pneumatic  caisson  was  designed  and  built  by  William  Sooy 
Smith1  1865-8  at  the  Waugoshance  lighthouse  at  the  western 
entrance  of  the  straights  of  Mackinac,  although  he  had  previously 
designed  one  for  the  Frying  Pan  Shoals  in  1860  which  was  not 
built. 

The  pneumatic  process  in  general  is  based  on  the  principle 
that  when  a  vessel  is  inverted  in  water,  the  water  does  not  rise 
to  occupy  the  entire  space  in  the  vessel  owing  to  the  presence  of 
the  air  inclosed.  The  space  under  the  vessel  above  the  surface 
of  the  water  occupied  by  air  may  be  occupied  by  men  while 
doing  work,  it  being  only  necessary  to  renew  the  air  for  breathing. 
However,  if  additional  pressure  is  induced  by  pumping  additional 
air  into  the  chamber  beneath  the  vessel,  the  water  may  be  driven 
out  entirely  down  to  the  edge  of  the  vessel,  and  if  the  vessel 
rests  on  the  bottom  of  a  river  or  other  body  of  water,  a  man  might 
stand  on  the  bottom  of  the  stream  under  the  vessel  and  work  with- 
out interference  by  water.  This  principle  was  first  utilized  in 
diving  bells,  which  were  nothing  more  than  an  inverted  steel 
cylinder  closed  at  the  upper  end  with  an  air  hose  attached.  The 
pneumatic  pile  was  next  used,  which  consisted  in  extending  the 
cylinder  above  the  surface  of  the  water  with  an  air  lock  part 
way  down  by  which  men  might  enter  and  leave  and  materials 
might  be  removed. 

The  pneumatic  caisson  which  grew  out  of  this  is  a  large  inverted 
box  with  a  bottom  (top)  sufficiently  strong  to  permit  the  building 
of  a  coffer-dam  and  a  masonry  pier  on  it  after  the  caisson  has 
been  sunk  to  a  solid  stratum. 

1  Trans.  Am.  Soc.  C.  E.,  vol.  2,  p.  441. 
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Developments  from  this  elemental  form  have  been  largely  in 
the  way  of  economic  construction,  improvement  in  accessories, 
skill  in  handling  the  caisson,  and  in  the  safety  of  men  employed. 
At  the  present  time,  the  pneumatic  process  is  applied  to  sinking 
foundation,  with  the  following  types  of  structures  or  devices: 

1.  Diving  apparatus, 

2.  Pneumatic  cylinders, 

3.  Pneumatic  stationary  caissons, 

4.  Pneumatic  drop  caissons. 

Diving. — Diving  in  shallow  depths  and  for  very  brief  periods 
of  time  can  be  accomplished  by  a  good  diver  without  any  special 
apparatus,    but    where  the 


depth  is  considerable,  or  where 
the  work  to  be  done  requires 
more  time  than  a  few  seconds, 
it  is  necessary  to  provide 
special  diving  apparatus. 

The  diving  bell  was  an  early 
invention  being  used  by 
Smeaton  in  an  improved  form 
as  early  as  1778  in  submarine 
construction.  The  principle 
of  the  diving  bell  is  that  of  an 
inverted  glass  tumbler  in  a 
basin  of  water,  the  water  rising 
only  part  way  in  the  tumbler 
owing  to  the  presence  of  the 
air.  Thus  James  B.  Eads 
improvised  a  diving  bell  from 
an  inverted  barrel  for  use 
along  the  Mississippi  river, 
the  barrel  being  properly 
weighted  to  insure  its  sinking 
in  an  upright  position.  Air 
is  pumped  into'  the  diving 
bell  by  a  hose  connection 
and  light  was  formerly  admit- 
ted through  glass  windows. 

The  diving  bell  is  an  obsolete  device  in  engineering  work  and 
would  not  be  mentioned  in  this  connection  except  for  the  fact 


Fig.  248. — Divers'  suit. 
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that  it  represents  the  simplest  application  of  the  identical  prin- 
ciple used  in  the  pneumatic  caisson  to  be  described  later. 

A  modern  diving  suit  consists  of  a  waterproof  suit  with  a 
metal  helmet  to  which  the  suit  is  attached  so  as  to  exclude  the 
water.  Air  is  pumped  into  the  helmet  from  the  surface  and 
escapes  from  the  helmet  so  that  the  diver  has  a  circulation  of 
fresh  air  for  breathing.  He  is,  however,  subjected  to  the  full 
hydrostatic  pressure  of  the  water  corresponding  to  the  depth  at 
which  he  may  be  working.  The  maximum  practical  depth  for 
working  in  such  a  suit  is  about  180  to  200  ft.,  although  suits  have 
been  devised  which  during  the  trial  tests  have  permitted  going  to 
greater  depths.  Figure  248  shows  the  parts  and  an  assembled 
diving  suit  and  needs  no  comment.  The  helmet  has  telephone 
connection  as  well  as  air. 

Pneumatic  Cylinders. — Pneumatic  cylinders  were  an  early 
development  of  the  diving  bell.  The  steel  cylinders,  composed  of 
plates  %  to  3^-in.  thick  are  about  6  to  9  ft.  in  diameter  and  have 
two  diaphrams,  each  containing  a  door,  about  7  or  8  ft.  apart, 
which  form  the  air  lock.  The  cylinder  may  be  forced  downward 
either  by  slacking  off  the  air  beneath  or  by  weighting  at  the  top. 

The  Columbia  River  bridge  at  Trail,  B.  C.1  rests  on  piers 
founded  on  pneumatic  cylinders  as  shown  in  Fig.  249.  Each 
cylinder  is  6  ft.  in  diameter  at  the  top  and  9  ft.  at  the  bottom, 
the  two  cylinders  for  each  pier  being  filled  with  concrete  and 
joined  to  each  other  by  a  concrete  web  2  ft.  thick  incased  in  steel 
and  extending  from  low  to  high  water  line.  The  lower  61  ft.  of 
the  cylinder  consists  of  a  double  shell,  the  inner  cylinder  being 
three  feet  in  diameter  and  splayed  out  at  the  bottom  to  meet  the 
outer  shell  in  the  cutting  edge. 

The  cylinders  of  the  Atchafalaya  bridge  of  the  Texas  &  Pacific 
R.  R.2  consisted  of  a  double  shell,  the  outer  diameter  being  8  ft. 
and  the  inner  5  ft.,  the  latter  being  splayed  out  to  the  cutting 
edge  at  the  bottom  as  described  above,  and  the  space  between 
the  two  cylinders  being  filled  with  concrete.  These  cylinders 
were  put  down  to  replace  old  cast  iron  cylindrical  piers  sunk  in 
1882  by  the  open  dredging  process,  which  had  been  broken  off  by 
the  sliding  of  the  inclined  strata  of  blue  clay  forming  the  river 
bottom.  The  old  cast  iron  cylinders  had  extended  120  ft.  below, 
high  water  and  stubs  of  these  old  cylinders  were  encountered 

1  Engineering  News,  Dec.  5,  1912. 

2  Engineering  Record,  Apr.  8,  1899. 
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Bracing     Frame  Bottom  of  Pier  showing  Web 

Fig.  249. — Pneumatic  cylinders  for  bridge  piers  at  Trail,  B.  C. 
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just  where  the  clay  stratum  joined  the  sand,  showing  that  the 
sliding  had  occurred  at  that  plane.  Old  railroad  rails  were 
stood  on  end  between  the  shells  of  the  caisson  to  add  sufficient 
weight  to  sink  the  cylinders.  These  cylinder  caissons  were  135 
ft.  in  length  and  were  sunk  120  ft.  below  high  water,  a  depth 
probably  exceeding  any  other  recorded  use  of  compressed  air  in 
foundation  work. 


Fig.  250. — Reinforced  concrete  pneumatic  cylinders  for  the  Bronx  viaduct. 

Cylindrical  caissons  are  sometimes  built  of  reinforced  concrete 
as  shown  in  Fig.  250, 1  which  is  a  section  through  the  reinforced 
concrete  cylindrical  caisson  used  in  the  Bronx  viaduct  of  the 
New  York  Connecting  R.  R.  The  caissons  were  10  to  18  ft. 
in  diameter  and  were  sunk  to  a  maximum  depth  of  55  ft.  While 
passing  through  clay,  the  open  dredging  process  of  excavating 
was  used  and  while  sinking  through  sand,  the  pneumatic  process 
was  used. 

The  chief  advantage  of  cylindrical  caissons  is  that  they  can  be 
readily  converted  from  open  dredging  cylinders  to  pneumatic 
cylinders  by  the  insertion  of  an  air  lock  in  the  event  that  quick- 
sand or  other  obstacles  are  encountered. 

Stationary  Caissons. — In  the  sinking  of  a  subsurface  chamber 
on  shore  near  a  body  cf  water,  such  as  a  waterworks  intake,  a 

1  Engineering  Record,  Sept.  20,  1913. 
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stationary  pneumatic  caisson  can  be  utilized  to  advantage.  A 
stationary  caisson  consists  of  an  inverted  box,  usually  of  rein- 
forced concrete  with  the  outside  of  the  bottom  placed  at  the 
elevation  desired  in  the  finished  structure  and  the  sides  extending 
down  into  the  soil.  Air  is  pumped  into  the  box  and  the  soil 
beneath  removed  through  air-locks  in  the  usual  manner,  but 
instead  of  the  caisson  being  lowered  as  the  excavation  proceeds, 
the  walls  are  underpinned  and  extended.  When  the  desired 
elevation  is  reached  for  the  bottom  of  the  chamber  as  governed 


Fig.  251. — Stationary  pneumatic  caisson. 

by  bearing  capacity  of  the  soil  and  by  other  conditions,  such  as 
the  elevation  of  the  water  in  the  case  of  waterworks  intake,  the 
caisson  is  floored  and  the  necessary  cross  walls,  columns,  etc.  put 
in  place. 

The  caisson  is  originally  built  by  constructing  the  walls  in  an 
open  trench  and  excavating  the  enclosed  soil  with  a  dredge  bucket 
or  by  other  means  until  strata  are  reached  requiring  the  applica- 
tion of  air  to  keep  out  the  water.  A  reinforced  concrete  slab 
roof  is  then  placed  on  the  walls  in  which  an  air-lock,  air  pipe  and 
blow-out  pipe  are  inserted,  air  pressure  applied,  and  the  work 
proceeds  under  compressed  air.  It  is  necessary  to  weight  down 
the  caisson  by  piling  earth  or  other  material  on  the  roof  in  order 
to  prevent  the  caisson  from  rising  because  of  the  pressure  of  the 
air  beneath. 
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Figure  251  shows  a  stationary  caisson  used  in  the  construction 
of  a  waterworks  intake  on  which  the  author  was  engaged.  Single 
sheet  piles  were  driven  at  first  but  owing  to  the  presence  of 
quicksand  somewhat  below  the  level  of  the  water  in  the  river, 
air  had  to  be  used.  Concrete  walls  were  built  and  roofed  over 
as  above  described,  air  applied,  and  the  walls  extended  to  the 
desired  depth.  The  figure  shows  the  air-lock  on  suction  chamber 
No.  1  in  place  after  that  chamber  had  been  completed.  The 
caissons  were  put  down  in  the  above  symmetrical  order  with  a 
view  to  balancing  the  external  lateral  pressures  from  the  earth. 

Drop  Caissons. — A  pneumatic  drop  caisson  is  the  type  com- 
monly meant  when  the  term  pneumatic  caisson  is  used.  It 
consists  in  principle  of  an  inverted  box  with  sides  and  roof 
strong  enough  to  sustain  the  pier  masonry  above  and  a  coffer- 
dam built  on  this  roof  to  exclude  the  water  while  the  masonry  is 
being  placed.  The  space  beneath  the  "box,"  which  is  usually 
about  6  or  7  ft.  high,  constitutes  the  working  chamber  and  is 
subject  to  the  air  pressure;  the  roof  of  the  working  chamber  is 
reinforced  by  the  "crib"  above  it  in  a  timber  caisson,  and  the 
coffer-dam  is  erected  above  the  crib.  The  caisson  is  commonly 
built  on  shore,  floated  into  position,  grounded,  air  applied,  and 
the  spoil  excavated  and  removed  from  the  working  chamber  as 
the  caisson  sinks.  The  crib  gives  rigidity  to  the  caisson  and 
when  filled  with  masonry  furnishes  much  of  the  weight  required 
to  sink  the  caisson.  The  coffer-dam  serves  to  exclude  the  water 
from  the  construction  area  above  the  crib  and  is  extended  upward 
as  the  caisson  sinks,  being  kept  at  all  times  well  above  the  water 
surface. 

In  recent  years,  the  pneumatic  caisson  method  of  sinking 
foundations  has  been  so  well  developed  that,  where  a  consider- 
able amount  of  earth  is  to  be  penetrated,  for  depths  below  water 
level  between  30  and  110  ft.,  it  is  one  of  the  favorite  modes  of 
procedure  on  the  part  of  foundation  contractors.  Figure  252 
shows  a  cross  section  through  the  pneumatic  at  the  bridge  over 
the  Missouri  River  near  Blair,  Nebr.1 

Design  of  a  Drop  Caisson. — The  design  of  a  pneumatic  caisson 
comprises  (1)  the  determining  of  the  dimensions  of  the  caisson 
in  plan  and  altitude,  (2)  the  design  of  the  roof,  walls,  cutting 
edge,  crib  and  coffer-dam  to  withstand  the  forces  to  which  they 
may  be  subject,  (3)  the  determining  of  the  weight  necessary  to 

1 1.  O.  Baker,  "A  Treatise  on  Masonry  Construction,"  p.  286. 


PNEUMATIC  PROCESS  FOUNDATIONS  501 


sink  the  caisson,  (4)  the  calculation  of  the  flotation  depth 
required  for  launching  and  floating  to  position  and  providing 
for  the  same,  and  (6)  the  investigation  of  the  stability  of  the  pier 
founded  thereon. 


Fig.  252. — Section  through  a  pneumatic  caisson. 


The  area  of  the  caisson  will  be  determined  by  the  bearing 
capacity  of  the  soil  stratum  upon  which  the  caisson  is  to  rest 
and  the  total  load  to  be  carried  where  the  caisson  is  founded  on  a 
stratum  of  limited  bearing  capacity.  The  maximum  pressure 
on  the  foundation  bed  equals  the  total  weight  of  pier,  caisson, 
concrete  filling  in  the  working  chamber  (see  p.  523),  etc.,  the 
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superimposed  weight  of  water,  earth,  and  the  dead  and  live  load 
from  the  superstructure,  less  the  skin  friction  on  the  sides  of  the 
caisson  and  less  the  buoyant  effect  of  displaced  water  and  other 
materials.  The  practice  of  allowing  full  value  to  the  buoyant 
effect  of  water  displaced  is  justified  where  the  foundation  bed  is 
only  slightly  below  the  bottom  of  the  main  body  of  water  or 
where  the  hydrostatic  force  of  the  water  might  be  effective 
upward,  as  where  the  bed  is  permeable  sand,  gravel,  etc.,  but 
frequently  the  foundation  bed  is  so  far  below  the  bottom  of  the 
water  basin  that  the  hydrostatic  pressure  may  be  somewhat  dis- 
sipated and  probably  is  not  effective  to  the  full  extent,  especially 
where  the  caisson  is  ultimately  founded  on  an  impervious  stratum 
of  rock.  Likewise,  an  allowance  for  the  buoyant  effect  of  earth 
and  silt  displaced  may  not  be  justified  (although  it  is  made  in 
most  instances,)  in  view  of  the  fact  that  granular  and  plastic 
earth  materials  have  little,  if  any,  upward  component  of  pressure. 

As  an  illustration  of  such  a  calculation,  the  following  data  are 
taken  from  Pier  No.  1  of  the  Harahan  bridge  near  Memphis:1 


Weight  of  timber,  iron,  etc.,  of  caisson   10,110  tons 

Weight  of  concrete  in  working  chamber   1 , 180 

Weight  of  pier  masonry   7 , 780 

Total  weight  of  pier   19,070 

Weight  of  superimposed  earth   1,810 

Weight  of  superimposed  water   0 

Dead  load  from  superstructure   5,670 

Live  load  from  superstructure   3,870 

Total  load   30,420  30,420 

Deduct  for  skin  friction  at  400  lbs.  per  sq.  ft. .  .  2,850 

Deduct  for  buoyant  effect  of  water   5,310 

Deduct  for  earth  displaced   8, 110 

Total  deduction   16,270  16,270 

Net  effective   14, 150  tons 


This  pier  rested  on  a  hard  clay  bed  which  was  estimated  to 
have  a  bearing  capacity  of  5  tons  per  square  foot,  hence  the 
required  area  is  14,150  -5-  5  =  2,830  sq.  ft.  A  caisson  40  by  80 
ft.  was  actually  used,  giving  a  bearing  of  4.4  tons  per  square  foot. 

Samples  of  the  clay  from  the  working  chamber  when  tested 
in  cubes  gave  a  gearing  strength  of  100  lbs.  per  square  inch  Or 
7.2  tons  per  square  foot,  and  since  the  clay  would  sustain  a  much 
greater  load  in  a  confined  bed  than  when  in  the  form  of  unsup- 

1  Ralph  Modjeski,  Consulting  Engineer,  Report,  p.  7. 
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ported  cubes,  the  allowed  bearing  was  conservative.  Likewise, 
on  another  pier  under  the  same  bridge,  the  skin  friction  was 
observed  to  be  about  800  lbs.  per  square  foot,  hence  the  allowance 
of  400  lbs.  was  conservative. 

Soil  at  the  depths  reached  by  pneumatic  caissons  have  a 
greater  supporting  capacity  than  have  similar  soils  at  the  surface 
owing  to  the  influence  of  lateral  pressures.  Tests  made  at  the 
Metropolis  bridge  showed  a  bearing  capacity  of  20  tons  on  well 
bedded  fine  sand  with  practically  no  settlement. 

Where  the  caisson  is  to  rest  on  a  stratum  of  rock  or  other 
material  having  greater  compressive  strength  than  the  caisson 
masonry  itself,  the  size  will  be  determined  either  by  the  strength 
of  the  caisson,  or  by  other  considerations. 

Where  neither  the  bearing  on  the  foundation  bed  nor  on  the 
caisson  itself  is  the  limiting  factor  in  determining  the  size  of 
the  caisson,  the  dimensions  of  the  plan  will  be  determined  by  the 
size  of  the  pier  or  other  structure  which  will  rest  upon  the  caisson. 
In  case  of  a  bridge  pier,  the  dimensions  of  the  bridge  seat  will  be 
fixed  by  the  general  requirements  of  the  superstructure ;  allowing 
then  for  the  batter  of  the  sides  of  the  pier,  and  the  offset  at  the 
top  of  the  caisson,  the  general  dimensions  will  be  fixed.  It  is 
usually  desirable  to  make  the  caisson  somewhat  larger  than  the 
exact  requirements  of  the  base  of  the  pier  would  indicate  in 
order  to  allow  for  some  deviation  from  the  exact  position  in 
sinking.  The  caissons  at  Havre  de  Grace  bridge  over  the  Sus- 
quehanna River  were  3  ft.  larger  on  all  sides  than  the  first 
masonry  course  of  the  pier.  The  actual  deviation  was  less 
than  18  in.  although  the  caissons  were  sunk  over  90  ft.  An 
allowance  of  from  6  to  12  in.  is  common  for  deviation  from  true  in 
the  sinking  of  a  caisson. 

The  height  of  the  caisson  will  obviously  depend  upon  the 
depth  to  the  desired  bearing  stratum.  It  is  essential  that 
complete  information  be  secured  by  borings  as  to  the  character 
of  the  stratum  on  which  the  structure  will  finally  rest  before  the 
caisson  can  be  designed.  The  height  will  necessarily  be  the 
distance  from  this  stratum  up  to  an  elevation  well  above  the 
surface  of  the  water  in  order  that  waves,  etc.  may  not  interfere. 

The  Cutting  Edge. — Opinion  and  practice  differ  among  engi- 
gineers  as  to  the  best  design  of  the  cutting  edge.  Two  types  of 
cutting  edge  are  in  general  use,  viz.,  (a)  the  sharp  edge,  Fig.  254 
and  (b)  the  blunt  edge,  Fig.  253.    The  arguments  in  favor  of 
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the  sharp  edge  are  (1)  that  no  excavation  under  the  cutting  edge 
is  necessary  to  cause  the  caisson  to  sink,  and  (2)  air  does  not 
readily  escape  under  the  edge  because  the  thin  edge  penetrates 
the  soil  and  seals  the  junction  to  an  extent.  The  disadvantages 
are  (1)  the  edge  may  bend  when  logs,  boulders  or  other  obstacles 

are  encountered,  and  (2)  the  edge  does 
not  have  sufficient  bearing  area  to  sup- 
port the  caisson  if  one  side  strikes  a 
soft  stratum  and  additional  bearing 
must  be  provided  for  such  a  con- 
tingency. Obviously  the  blunt  edge 
obviates  the  objectionable  features  of 
the  sharp  edge  but  at  the  same  time  it 
does  not  possess  its  merits.  However, 
in  most  soils,  a  sharp  edge  is  not  neces- 
sary and  engineers  generally  have 
favored  the  blunt  edge. 

The  sharp  edge  is  formed  generally 
of  steel  plates  or  of  plate  and  angles 
and  additional  bearing  area  is  secured 
by  attaching  a  bent  plate  on  the 
sloping  roof.  In  the  other  form  of 
cutting  edge,  no  additional  bearing  area  is  required.  The 
amount  of  this  bearing  area  should  be  sufficient  to  furnish  sup- 
port to  the  caisson  on  the  material  being  excavated  equivalent 
to  a  reasonable  drop  in  the  air  pressure  inside  so  that  when  the 
air  is  slacked  off  the  caisson  will  sink. 

A  blunt  cutting  edge  is  frequently  formed  by  chamfering  the 
bottom  timber  to  fit  into  a  channel,  the  size  of  which  should  be 
dependent  upon  the  load  to  be  supported  as  indicated  above;  it  is 
usually  about  a  6  or  8-in.  channel.  Instead  of  a  channel,  a 
tough  plank  of  hickory  or  oak  may  be  used.  In  either  case,  the 
channel  or  plank  should  extend  to  the  outside  of  the  sheathing. 

Caisson  Walls. — The  walls  of  a  pneumatic  caisson  begin  at  the 
cutting  edge  and  extend  continuously  to  the  top  of  the  coffer- 
dam, although  the  type  of  construction  may  vary  considerably. 
Naturally,  the  heaviest  strains  occur  in  the  walls  of  the  working 
chamber,  requiring  the  heaviest  bracing  in  that  region.  The 
walls  of  the  caisson  must  have  sufficient  strength  to  support  the 
caisson  and  the  pier. 
Two  general  types  of  walls  for  the  working  chamber  are  used, 
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one  in  which  the  inside  of  the  wall  is  vertical,  the  wall  being 
braced  by  struts  at  intervals,  as  shown  in  Fig.  255,  and  the  other 
in  which  the  inclined  struts  with  the  sheathing  forms  a  sloping 
roof,  Fig.  254.  The  former  provides  more  headroom  and  conse- 
quently facilitates  the  removal  of  the  spoil  from  under  the  cutting 
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Fig.  255. — Details  of  the  Metropolis  bridge  caisson. 


edge,  but  the  latter  is  somewhat  more  rigid.  In  several  cases 
the  walls  of  caissons  have  failed  by  buckling  inward,  hence, 
adequate  strength  in  this  respect  is  important. 

The  pressure  on  the  walls  in  pounds  per  square  foot  is  given 
by  the  formula 

t  ii  _i_  nt\  1  ~  sin  <t 
p  =  (wh  +  w  h  )  z — ; — -. — T 
^      v  '  1  +  sin  <j> 
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where  h'  is  the  depth  below  the  bottom  of  the  water  and  h  the 
depth  of  the  water  in  feet,  w'  the  weight  of  the  earth  and  w  the 
weight  of  the  water  in  pounds  per  cubic  foot,  and  the  angle  of 
repose  of  the  earth  materials,  varying  from  0°  to  perhaps  33°, 
about  15°  being  an  average  value  for  silt  in  a  wet  condition. 
If  the  silt  is  fine  and  thoroughly  saturated,  the  value  of  4>  should 
be  taken  as  0°.  The  pressure  on  the  walls  at  launching  will  be 
wv2  t 

«j2~2>  v  being  the  velocity  m  feet  per  second  with  which  the  caisson 

strikes  the  water. 

The  specifications  for  the  Manhattan  bridge  over  East  River, 
New  York,  represent  good  practice  in  regard  to  the  details  of 
construction  of  timber  caissons,  from  which  the  following  excerpt 
is  taken:1 

"All  outside  timbers  to  the  launching  height  shall  be  drift  bolted 
with  1  by  30  in.  drift  bolts,  started  in  each  course  and  staggered,  and 
spaced  3  ft.  center  to  center.  From  this  point  (launching  height)  to 
the  top,  all  horizontal  wall  timbers  shall  have  1  by  30  in.  drift  bolts  4  ft. 
center  to  center  and  staggered.  The  pitch  of  the  stagger  shall  be  varied 
with  the  courses  below  so  as  to  secure  an  equal  distribution.  The  out- 
side sheathing  of  these  walls  shall  be  of  two  courses  of  3  by  12  in.  tongue- 
and-groove  sheathing  fastened  with  %  by  7  in.  boat  spikes,  the  first 
course  to  be  laid  longitudinally  and  the  second  vertically.  All  timbers 
shall  lap  at  least  6  ft. 

"Bulkheads  shall  be  drift  bolted  as  for  the  walls  below  the  launching 
height  with  3  by  12  in.  sheathing.  The  bottom  and  top  courses  shall 
be  framed  into  the  walls  by  dovetailing  .  .  . 

"The  outside  seams  of  horizontal  wall  timbers  and  all  chamber 
seams  in  vertical  wall  timbers  and  roof  timbers  and  in  roof  and  wall  lin- 
ing shall  be  caulked  with  two  threads  of  cotton  and  followed  with  four 
threads  of  oakum,  the  several  threads  to  be  thoroughly  driven  home, 
and  all  points,  so  far  as  practicable,  to  be  served  with  hot  pitch." 

The  outside  walls  of  the  caisson  should  be  vertical,  although 
formerly  some  engineers  built  their  caissons  with  a  batter  inward 
at  the  top.  This  latter  practice  was  found  to  cause  difficulty  in 
guiding  the  caisson.  The  friction  sheathing  is  always  placed 
vertical,  although  other  layers  of  sheathing  are  commonly  placed 
diagonally  at  about  45°. 

Roof  of  Working  Chamber. — The  working  chamber  is  6  or  7 
ft.  high  and  since  the  excavation  is  commonly  kept  below  the 

1  Engineering  News,  Nov.  27,  1902. 
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cutting  edge,  there  is  ample  head  room  for  men  to  work.  The 
roof  of  the  working  chamber  must  be  sufficiently  strong  to 
support  the  weight  of  the  filling  in  the  cribbing  and  of  the  pier, 
and  sufficiently  air  tight  to  prevent  serious  leakage  of  air. 
Formerly,  when  the  filling  in  the  crib  and  the  pier  were  stone 
masonry  and  the  roof  was  of  timber,  the  latter  was  made  very 
thick  because  it  was  estimated  that  the  roof  would  be  subject 
to  very  heavy  loads  and  severe  bending  strains.  The  roof  of  the 
caisson  under  the  Brooklyn  bridge  was  22  ft.  thick  and  consisted 
of  a  solid  mass  of  12  by  12  in.  timbers.  With  the  introduction 
of  concrete  in  building  piers,  the  pier  is  assumed  to  be  self- 
supporting  after  reaching  a  moderate  height.  In  fact  reinforce- 
ment is  placed  in  the  concrete  immediately  over  the  roof  to  make 
it  strong  enough  to  sustain  the  loads. 

Where  stone  masonry  is  used,  it  is  customary  to  consider  all 
the  masonry  in  a  triangular  prism  whose  sides  make  an  angle  of 
60°  with  the  horizontal  as  supported  by  the  timber  roof,  and 
where  reinforced  concrete  is  used  above  the  timber  roof,  the 
maximum  load  that  will  be  sustained  by  the  timber  roof  in 
addition  to  the  weight  of  the  roof  itself  will  be  the  green  concrete 
before  it  has  time  to  set  up.  In  comparatively  small  caissons  a 
reinforced  concrete  or  timber  roof  can  readily  be  made  that  will 
support  the  superimposed  load  but  in  large  caissons,  the  difficulty 
increases.  Timber  trusses  extending  down  into  the  working 
chamber  are  commonly  used  as  illustrated  in  the  Municipal 
bridge  at  St.  Louis,  Fig.  254. 1  In  the  Metropolis  bridge,  steel 
trusses  were  used  immediately  above  the  roof  on  account  of  the 
large  size  of  the  caissons.    See  Fig.  255. 2 

While  the  static  loads  coming  on  the  roof  consist  chiefly  of  the 
weight  necessary  to  be  placed  there  to  sink  the  caisson,  a  con- 
siderable allowance  must  be  made  to  provide  for  shocks,  the 
chief  source  of  which  is  from  sudden  sinking  and  the  consequent 
stopping  which  causes  an  impact  on  the  roof.  A  common  allow- 
ance is  100  per  cent  of  the  static  load  to  provide  for  such  shocks. 
Careful  investigation  should  be  made  to  see  that  the  shear  and 
bearing  strengths  are  adequate  where  the  roof  joins  the  side 
walls.  Where  the  wall  of  the  working  chamber  is  V-shaped  and 
concrete  filled  in  and  made  continuous  with  the  roof  slab  so  that 

1  Engineering  News,  Mar.  16,  1911. 

2  Engineering  News,  Mar.  22,  1917. 
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the  concrete  in  the  wall  takes  the  bearing  directly,  no  difficulty 
of  securing  sufficient  shear  area  occurs. 

The  Crib. — The  crib  is  the  portion  of  the  caisson,  as  it  is 
commonly  built,  immediately  above  the  roof  of  the  working 


chamber.  Its  purpose  is  to  give  rigidity  to  the  caisson,  to  facili- 
tate the  floating  into  position,  where  the  caisson  is  not  built 
in  situ,  and  to  serve  as  the  initial  coffer-dam  in  sinking,  and  when 
filled  with  concrete,  to  furnish  most  of  the  weight  required  in 
sinking.    Where  there  is  not  much  water,  the  crib  is  sometimes 
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omitted  and  the  pier  begun  directly  on  the  top  of  the  roof  of  the 
working  chamber,  the  masonry  of  the  pier  being  sufficient  to  sink 
the  caisson. 

The  adjustment  of  the  weight  (see  subsequent  paragraph) 
required  to  sink  the  caisson  is  effected  by  filling  all  or  a  portion 
of  the  crib  with  concrete,  and  in  this  way,  the  weight  can  be 
varied  through  a  considerable  range. 

The  walls  of  the  crib  are  built  similar  to  the  walls  of  the  work- 
ing chamber  and  usually  consist  of  either  12  by  12  or  6  by  12  in. 
timbers  drift  bolted  together  and  framed  and  drift  bolted  at  the 
corners.  The  crib  itself  may  consist  of  a  grillage  of  timbers  in 
alternate  tiers  laid  at  right  angles  to  those  of  the  adjacent 
tiers  and  spaced  in  the  tiers  about  8  to  10  ft.  apart  as  in  Fig.  256 
which  shows  the  caisson  for  the  pier  of  the  "Union  Pacific  R.  R. 
bridge  at  St.  Joseph.1  In  other  cases,  the  timbers  are  spaced 
some  distance  apart  vertically  and  are  then  essentially  like  the 
bracing  of  the  coffer-dam.  The  ends  of  the  timbers  are  framed 
into  the  caisson  sometimes  with  halved  joints  and  sometimes  by 
dove-tailing  the  full  size  timbers,  the  latter  being  the  stronger 
method.  Where  there  is  a  reinforced  concrete  slab  above  the 
roof,  the  reinforcement  is  placed  immediately  above  the  roof 
timbers  as  shown  in  Fig.  256. 

The  Coffer-dam. — The  crib  is  an  integral  part  of  the  caisson 
and  serves  as  a  form  for  the  concrete  above  the  roof  of  the  working 
chamber,  the  concrete  filling  the  entire  area  of  the  crib.  How- 
ever, to  minimize  the  obstruction  to  the  stream  flow  where  the 
pier  is  in  a  running  stream  and  to  prevent  decay,  the  cribbing  is 
discontinued  somewhat  below  the  bottom  of  the  stream  bed  and 
the  pier  with  battered  sides  extends  from  there  up.  In  order  to 
build  the  pier  thus,  it  is  necessary  to  provide  a  coffer-dam  on 
the  top  of  the  crib.  This  is  accomplished  by  extending  the  crib 
walls,  somewhat  modified  owing  to  the  diminished  pressures, 
and  placing  bracing  inside  as  needed.  These  braces  usually 
consist  of  6  by  8  in.  timbers  and  are  removed  as  the  pier  is  built 
upward  and  the  sides  of  the  coffer-dam  braced  directly  against 
the  finished  portion  of  the  pier.  The  coffer-dam  is  removed 
entirely  after  the  pier  is  completed.  The  relation  between 
the  coffer-dam,  crib  and  working  chamber  is  illustrated  in  the 
pivot  pier  caisson  of  the  Missouri  River  bridge  of  the  Union 
Pacific  R.  R.  at  St.  Joseph,  Mo.,  Fig.  257. 

1  Engineering  News-Record,  Oct.  25,  1917. 
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Air  Locks. — Employees  make  entrance  and  exit  and  materials 
are  removed  from  the  working  chamber  by  means  of  shafts  which 
are  sealed  by  air  locks.  The  air  lock  usually  consists  of  an 
enlarged  section  of  the  shaft,  fitted  with  an  air  tight  door  at  the 


Fig.  257. — Pneumatic  caisson  for  the  pivot  pier  of  the  Union  Pacific  R.  R.  bridge 

at  St.  Joseph. 

top  and  one  at  the  bottom  so  arranged  that  the  pressure  from 
inside  will  hold  either  shut  when  the  other  is  open.  Sometimes, 
when  an  elevator  is  used  in  the  shaft,  the  air  lock  for  men  con- 
sists of  a  double  chamber  one  beside  the  other.  Figure  258 
illustrates  the  manner  of  passing  a  bucket  through  an  air  lock, 
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and  Fig.  259  shows  a  picture  of  an  air  lock  ready  to  receive  the 
bucket.  The  shaft  for  men  is  usually  about  23^  to  3  ft.  in 
diameter,  although  sometimes  as  large  as  6  ft.,  and  consists  of  a 
riveted  steel  pipe  of  about  %-in.  plates.  When  the  shaft  for 
removing  spoil  is  separate,  it  is  usually  about  2  ft.  in  diameter. 
Where  the  depth  is  not  great,  men  usually  enter  and  leave  by 
means  of  a  ladder,  although  for  greater  depths,  an  elevator  may 
be  used  advantageously.    Spoil  that  cannot  be  blown  out 


Fig.  258. — Diagram  showing  the  passage  of  a  bucket  through  an  air  lock. 

(see  p.  522)  is  removed  by  means  of  a  bucket  and  cable  through 
a  shaft. 

The  air  lock  for  men  is  placed  at  the  top  of  the  shaft  in  order 
that  men  may  take  refuge  temporarily  in  the  shaft  in  the  event 
of  an  accident  which  may  allow  water  to  enter  the  working 
chamber. 

When  the  shaft  needs  to  be  extended,  a  valve  or  gate  is  closed 
at  the  bottom  in  the  working  chamber  to  prevent  the  escape  of 
air,  the  air  lock  is  unbolted  from  the  shaft,  the  new  section 
bolted  in  place  and  the  air  lock  replaced  on  top  of  the  added 
section. 

Some  contractors  use  collapsible  steel  pipe  so  that  it  can  be 
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removed  leaving  a  shaft  molded  through  the  concrete,  and  thus 
effect  a  saving  where  the  caissons  are  sunk  to  a  considerable 
depth.  In  this  case,  the  junction  of  the  steel  pipe  to  the  concrete 
shaft  can  be  made  air  tight  by  means  of  packing  and  mortar. 
The  section  of  the  steel  pipe  at  the  bottom  of  the  shaft  is  not 
removed  because  it  must  be  especi- 
ally equipped  with  an  air  valve,  etc. 
to  prevent  the  escape  of  air  while 
changing  the  air  lock. 

Flotation  of  the  Caisson. — In  most 
cases,  the  caisson  is  built  on  shore 
some  distance  from  the  pier  site  and 
floated  into  place.  The  displacement 
of  the  caisson  must  be  carefully  cal- 
culated from  its  estimated  weight 
and  the  depth  of  displacement  so 
adjusted  that  no  difficulty  may  be 
encountered  in  launching  and  floating 
into  place.  For  example,  a  caisson 
weighing  1,562,000  lbs.  will  require  a 
displacement  of  25,090  cu.  ft.  in  fresh 
water  and  perhaps  24,800  cu.  ft.  in  salt 
water.  If  this  caisson  is  70  by  28  feet 
in  plan,  it  would  sink  25,090/70  X  28 
=  12.8  ft.  in  fresh  water,  if  the  bot- 
tom of  the  working  chamber  is  floored 
temporarily  and  caulked  to  effect 

flotation.  If  the  working  chamber  is  not  so  floored  and  used 
as  displacement,  the  depth  of  sinking  will  be  practically  the 
height  of  the  working  chamber  greater  than  this  figure.  The 
coffer-dam,  of  course,  will  have  to  be  extended  above  the  crib 
sufficiently  to  insure  adequate  displacement  to  effect  flotation. 

It  is  essential  that  the  weight  of  the  caisson  be  calculated  with 
considerable  accuracy  in  order  that  its  flotation  may  be  properly 
forecast.  The  position  of  the  center  of  gravity  and  the  center  of 
flotation  must  be  calculated  and  arranged  with  the  former  well 
below  the  latter  and  directly  under  it  in  order  that  the  caisson 
may  keep  an  even  keel  as  a  ship  while  it  is  being  towed  into 
position. 

Launching  and  Locating  the  Caisson. — Caissons  may  be 
constructed  (a)  on  ways  along  the  shore,  launched  much  as  a 

33 


Fig.  259. 


-Exterior  view  of  an 
air  lock. 
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ship  is  launched  and  towed  into  position,  (b)  on  pile  supports 
over  the  proposed  site  of  the  pier  and  lowered  into  position  with 
long  screw  rods,  (c)  in  a  dry  dock  and  floated  by  the  admission  of 


Fig.  261. — Caisson  supported  by  barges. 


water,  (d)  between  two  barges,  and  floated  into  position  and 
lowered,  (e)  on  a  barge  and  launched  by  tipping  the  barge,  or  (f) 
on  a  pontoon  and  launched  by  sinking  the  pontoon  from  beneath 


Fig.  262. — Launching  from  a  scow. 


either  by  filling  water  ballast  tanks  or  by  dividing  the  pontoon 
and  withdrawing  the  two  halves. 

Figure  2601  shows  the  successive  stages  of  launching  a  caisson 

1  Report  of  the  Government  Board  of  Engineers. 
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from  ways  for  the  Quebec  bridge,  with  jacks,  blocking,  etc.  in 
place.  The  launchways  had  a  grade  of  10.94  per  cent  and  the 
start  was  given  by  means  of  jacks. 

When  a  caisson  is  supported  on  piles,  it  is  built  between  two 
pile  clusters  or  rows  and  rests  directly  on  beams  slung  by  means 
of  stirrups  of  lowering  bolts  from  the  piles.  The  cutting  edge 
is  above  the  water  surface  so  that  men  can  work  in  the  working 
chamber,  and  when  the  caisson  is  to  be  lowered,  the  long  lowering 
screws  or  bolts  are  slacked  off  and  the  caisson  gradually  lowered 
into  the  water.  When  the  caisson  is  built  in  dry  dock,  the  latter 
is  usually  a  temporary  affair  and  the  procedure  is  similar  to  the 
placing  of  a  boat  in  dry  dock  and  then  floating  by  the  admission 
of  water.  Figure  26 11  shows  the  caisson  for  the  Willamette 
River  bridge  floating  between  two  barges  ready  to  be  floated 
into  place. 

Figure  2622  shows  a  series  of  pictures  of  launching  a  pier 
caisson  of  the  Jones  bridge  from  a  scow  at  Manila,  P.  I.,  concern- 
ing which  the  following  details  are  of  interest. 

"The  caisson  was  100  ft.  long,  35  ft.  wide  and  36  ft.  high.  The  walls 
of  the  lower  portion  of  the  caisson  for  a  height  of  14  ft.  were  battered 
and  constructed  of  reinforced  concrete  1  ft.  thick,  while  the  remaining 
height  was  unbattered  and  built  of  double  timber  sheathing  and  one 
thickness  of  tarred  paper.  Three  feet  above  the  lower  edge  of  the  caisson 
was  a  4-in.  calked  plank  floor  supported  by  inverted  timber  trusses,  which 
in  turn  rested  on  timber  sills  bolted  to  the  upper  edge  of  the  concrete 
walls.  The  floor  and  trusses  were  designed  to  withstand  water  pressure 
during  flotation.  The  scow  upon  which  the  caisson  was  built  was  divided 
longitudinally  by  a  bulkhead,  so  that  water  could  be  admitted  into  one 
side  and  cause  the  scow  to  list.  Between  the  scow  deck  and  the  caisson 
were  pairs  of  skids  that  were  well  greased  just  before  launching. 

After  the  piles  were  driven  and  cut  off,  the  scow  with  the  caisson  was 
towed  to  a  position  below  the  proposed  pier  location,  and  the  valves  on 
the  midstream  side  of  the  scow  were  opened.  The  only  lines  used  were 
those  necessary  to  keep  the  caisson  from  floating  downstream  and  to  tow 
it  into  place  after  launching.  Twenty-three  minutes  after  opening  the 
valves,  when  the  list  was  about  15°,  the  caisson  slid  smoothly  into  the 
water,  reaching  a  maximum  angle  of  inclination,  due  to  the  momentum 
of  the  slide,  of  about  45°.  As  was  anticipated,  just  as  soon  as  the  cais- 
son began  to  slide,  the  scow  tipped  quickly  and  was  pushed  from  under- 
neath with  considerable  force,  as  shown  in  one  of  the  views.    Due  to  the 

1  Jacoby  and  Davis,  "Foundations  of  Bridges  and  Buildings,"  p.  316. 

2  Engineering  News-Record,  May  17,  1917. 
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low  center  of  gravity,  the  caisson  righted  itself  with  long  easy  rolls  and 
finally  rested  on  an  even  keel  at  an  immersed  depth  of  8.5  ft." 

Figure  263  shows  the  pontoon  used  in  launching  the  large 
caissons  of  the  Metropolis  bridge  over  the  Ohio  River,  the  follow- 
ing description  of  which  is  taken  from  the  Engineering  Record, 
vol.  74,  p.  150: 


Fig.  263. — Pontoon  for  launching  a  caisson. 

"The  pontoon  is  66  ft.  9  in.  by  120  ft.  10  in.  and  is  9  ft.  6  in.  deep. 
The  largest  caisson  built  in  it  was  60  ft.  6  in.  by  110  ft.  6  in.,  the  portion 
constructed  before  launching  weighing  67 y2  tons.  On  account  of  the 
unequal  distribution  of  the  load,  the  pontoon  is  given  transverse  stiffness 
by  heavy  timber  beams  on  4-ft.  centers.  Each  of  these  is  made  of  four 
8  by  16-in.  timbers  bolted  together  and  spliced  with  steel  plates.  Under 
these  beams  are  longitudinal  rows  of  12  by  12-in.  timbers  on  4-ft.  centers. 
The  pontoon  contains  183,120  ft.  b.m  of  lumber  and,  allowing  for  the  iron 
used  in  its  construction,  has  a  net  buoyancy  of  195  tons.  The  whole 
pontoon  must,  of  course,  be  filled  with  water  to  reduce  the  buoyancy 
to  this  figure.  This  is  done  j  ust  before  launching  the  caisson  by  removing 
a  wooden  gate,  made  in  two  pieces,  which  covers  a  number  of  4-in.  holes 
in  the  side  of  the  pontoon.  The  gate  is  first  unbolted  and  temporarily 
shored,  and  comes  to  the  surface  when  the  shores  are  removed.  When 
the  pontoon  is  raised  after  a  launching,  the  emptying  of  the  ballast 
tanks  brings  these  holes  above  water  so  that  the  gate  can  be  replaced. 

On  a  deck  of  3-in.  plank  laid  between  the  transverse  timber  beams  is 
loaded  sufficient  gravel  to  weigh  130  tons  submerged.  This  reduces  the 
buoyancy  to  a  point  which  allows  the  pontoon  to  be  sunk  free  of  the 
caisson  being  launched  when  the  water  boxes  are  about  half  full.  Each 
of  the  six  boxes  weighs  2  tons,  is  23  H  ft.  long,  3  ft.  wide  and  7  ft.  8  in. 
high.  Each  has  a  capacity  of  17  tons  of  water,  but  not  more  than  9 
tons  per  box  is  required." 
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Where  the  water  is  deep  and  comparatively  still,  sometimes  an 
artificial  mound  of  earth  or  sand  in  bags  is  placed  on  the  site  in 
order  to  reduce  the  depth  of  water  through  the  caisson  must  be 
sunk  before  being  landed.  However,  flood  conditions  in  streams 
must  be  taken  into  consideration,  lest  a  caisson  landed  on  such 
an  artificial  pile  be  swept  away  by  a  rise  in  the  stream.  At  the 
Havre  de  Grace  bridge  in  Maryland,  the  caissons  were  sunk 
through  60  ft.  of  water. 

When  being  moved  into  place,  the  caisson  is  located  at  the 
approximate  site  while  still  floating  and  moored  to  pile  clusters, 
and  then  concreting  is  begun  and  continued  until  the  caisson  is 
landed  on  the  bottom  of  the  river  bed.  After  landing  at  the 
bottom  of  the  water,  an  excess  of  air  is  turned  in,  lifting  the 
caisson,  and  then  it  is  located  exactly  on  the  center  lines  of 
the  proposed  structure.  The  locations  are  made  by  observations 
from  the  ends  of  the  base  lines,  platforms  being  built  at  the  ends 
of  the  caisson  for  the  exact  points,  with  which,  points  on  the 
caisson  are  made  to  correspond  by  moving  the  caisson  into 
line. 

The  caisson  may  be  aligned  by  tackle  attached  to  pile  clusters. 
Where  the  configuration  of  the  stream  bed  is  such  that  the  earth 
on  one  side  of  the  caisson  is  banked  much  higher  than  on  the 
other,  difficulty  is  likely  to  be  encountered  in  preventing  the 
excess  lateral  thrust  from  the  high  bank  from  moving  the  caisson 
out  of  position.  It  is  customary  to  allow  for  this  pressure  in 
such  circumstances  by  landing  the  caisson  somewhat  out  of 
position  toward  the  bank  and  allowing  this  pressure  to  move  it 
into  place  as  sinking  proceeds.  The  amount  of  this  allowance 
must  be  determined  by  the  engineer's  judgment.  In  one  of  the 
piers  of  the  Harahan  bridge  at  Memphis,  6  in.  was  allowed, 
and  it  proved  to  be  just  right,  the  caisson  coming  exactly  into 
position,  while  at  another  pier  at  the  same  bridge,  18  in.  was 
allowed  and  it  proved  to  be  too  much,  and  only  with  considerable 
difficulty  was  the  caisson  forced  to  the  desired  position.1  An 
open  caisson  on  which  the  author  was  engaged  was  forced  nearly 
1  ft.  by  a  high  bank  on  one  side  in  going  to  a  depth  of  about  40 
ft.  The  amount  of  such  an  allowance  should,  therefore, 
generally  not  exceed  6  to  12  in. 

Mats  of  willow  weaving,  or  bags  of  sand  are  frequently  placed 
over  the  site  of  the  caisson  in  swift  currents  to  prevent  scouring 

1  Report  of  Ralph  Modjeski,  Consulting  Engineer  in  Charge. 
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of  the  river  bed,  and  consequent  uneven  bearing  as  the  caisson  is 
landed.    Then  the  caisson  is  sunk  through  this  artificial  bed. 

Where  the  site  of  the  pier  is  covered  with  mud  and  there  is 
little  or  no  current,  this  mud  can  be  dredged  out  before  the 
caisson  is  landed  in  place  much  more  cheaply  than  it  can  be 
brought  out  of  the  working  chamber  afterward. 

In  the  event  that  the  caission  settles  somewhat  out  of  the 
desired  position,  it  can  be  easily  floated  again  and  shifted  by 
pumping  an  excess  of  air  into  the  working  chamber. 

Sinking  the  Caisson. — After  the  caisson  is  in  place,  it  is 
weighted  down  by  filling  the  pockets  provided  for  that  purpose 
with  rocks,  or  by  other  means,  so  that  the  caisson  will  not  rise, 
and  then  air  is  pumped  into  the  working  chamber.  As  soon  as 
the  working  chamber  is  laid  dry,  men  enter  through  the  air 
locks  and  begin  removing  the  spoil,  and  the  sinking  begins. 

The  ground  at  the  center  of  the  working  chamber  is  usually 
excavated  somewhat  lower  than  under  the  cutting  edge,  and  the 
slopes  run  up  from  this  low  point  at  the  center  to  the  cutting 
edge.  The  material  is  taken  out  through  the  air  lock  or  blown 
out,  as  described  later.  The  caisson  itself  is  at  all  times  balanced 
between  the  downward  and  the  upward  forces  acting  upon  it, 
one  of  the  latter  being  the  air  pressure  beneath.  In  order  to 
drive  the  caisson  downward,  therefore,  after  excavating  up  to 
or  even  under  the  cutting  edge,  it  is  only  necessary  to  slack  off 
the  air  pressure  in  the  working  chamber  somewhat,  and  the 
excess  of  downward  forces  drives  the  caisson  down.  Water 
jets  may  be  provided  to  diminish  skin  friction  on  the  side  when 
necessary.  Slacking  the  pressure  1  lb.  per  square  inch  would  be 
equivalent  approximately  to  a  layer  of  1  ft.  of  concrete  over  the 
entire  caisson.  Varying  the  rate  of  building  up  the  pier  masonry 
constitutes  an  additional  means  of  controlling  the  sinking. 

In  general  it  is  good  practice  to  remove  the  men  from  the 
chamber  during  the  sinking  process,  although  many  constructing 
companies  do  not  take  this  precaution. 

The  caisson  is  guided  by  adjusting  the  order  of  excavation. 
It  is  important  to  have  sufficient  stays  to  keep  the  caisson  plumb 
until  it  reaches  a  depth  of  about  25  ft.,  for  if  it  is  out  of  plumb 
at  that  depth,  it  is  next  to  impossible  to  straighten  it  afterward. 
It  is  practically  impossible  to  sink  a  caisson  perfectly  plumb  and 
perfectly  in  position,  hence,  the  design  must  be  adjusted  to 
provide  for  a  certain  amount  of  deviation  from  the  desired  posi- 
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tion.  Even  with  good  practical  results,  a  caisson  from  50  to 
100  ft.  deep  will  be  6  in.  to  1  ft.  out  of  position  and  perhaps  slope 
1  in  100  out  of  plumb.  If  there  is  a  tendency  to  shift  in  one 
direction,  by  excavating  under  the  high  side  of  the  cutting  edge, 


Fig.  264. — Progress  chart  of  sinking  a  caisson  at  Kinzie  St.  bridge,  Chicago. 

this  tendency  can  be  corrected.  By  allowing  the  spoil  that  has 
been  removed  to  pile  up  against  one  wall,  outside,  the  caisson 
may  be  forced  over  laterally;  and  by  attaching  taut  cables,  a 
similar  result  may  be  attained.  At  Sibley,  Mo.  one  of  the  cais- 
sons of  the  bridge  over  the  Mississippi  River  was  forced  some  4  ft. 
laterally  in  a  descent  of  about  the  same  amount,  by  placing 
inclined  posts  against  the  roof  of  the  working  chamber  and 
removing  the  air  pressure  and  allowing  the  water  to  fill  the  work- 
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ing  chamber.  The  inflowing  water  loosened  the  soil  and  the 
inclined  posts  forced  the  caisson  over  as  it  sank. 

In  a  few  instances,  where  caissons  have  tipped,  they  have 
been  righted  by  attaching  cables  and  tackle  and  pulling  them 
into  position,  excavating  under  the  high  side  of  the  cutting 
edge  at  the  same  time.  Where  one  side  encounters  a  soft  stratum 
and  the  other  remains  on  a  hard  ledge,  such  tilting  is  likely  to 
occur. 

Operations  are  usually  carried  on  day  and  night,  the  length  of 
the  shifts  depending  upon  the  depth  attained,  as  noted  later. 


Table  XXXVIII. — Values  of  Skin  Friction  on  Caissons 


Type  of  Caisson 

Method  of 
sinking 

Materials 
penetrated 

Skin 
friction, 
lbs.  per 
sq.  ft. 

Depth 
below 

low 
water, 

feet 

Area  of 
base, 
sq.  ft. 

Open  excavation 

Gravel,  clay 

240 

60 

125 

Cast  iron  

Open  excavation 

Sand,  clay 

250 

75 

225 

Cast  iron  

Open  excavation 

Sand 

250 

60 

125 

Wrought  iron  

Open  excavation 

Sand,  clay 

285 

140 

1,000 

Cast  iron  

Open  excavation 

Sand,  clay,  gravel 

300 

100 

125 

Cast  iron  

Open  excavation 

Sand 

325 

60 

125 

Cast  iron  

Open  excavation 

Silt 

350 

60 

125 

Steel  construction. . . . 

Open  excavation 

Silt,  sand,  clay 

375 

55 

190 

Open  excavation 

Silt,  mud,  clay 

390 

75 

100 

Timber  construction. 

Open  excavation 

Sand 

450 

30 

1,300 

Steel  construction. .  .  . 

Open  excavation 

Silt,  clay 

450 

60 

700 

Steel  construction. . .  . 

Open  excavation 

Silt,  clay,  sand 

450 

60 

1,200 

Steel  construction. .  .  . 

Open  excavation 

Mud,  sand 

450 

65 

1,300 

Steel  construction. .  . 

Open  excavation 

Clay 

450 

75 

1,500 

Iron  construction ... 

Open  excavation 

Sand,  gravel,  clay 

480 

65 

200 

Open  excavation 

Clay 

500 

60 

125 

Steel  construction.. .  . 

Open  excavation 

Clay 

700 

65 

1,300 

Pneumatic 

Sand,  mud 

205 

40 

75 

Timber  

Pneumatic 

Clay 

250 

35 

800 

Steel  construction. .  .  . 

Pneumatic 

Clay,  sand 

275 

60 

150 

Timber  construction. 

Pneumatic 

Silt,  sand,  mud 

310 

75 

2,550 

Timber  construction . 

Pneumatic 

Sand,  clay,  gravel 

350 

100 

1,200 

Timber  construction. 

Pneumatic 

Sand,  clay 

boulders 

400 

48 

1,925 

Timber  construction. 

Pneumatic 

Clay,  sand,  gravel 

'400 

95 

4,500 

Timber  construction. 

Pneumatic 

Sand,  gravel,  clay 

425 

55 

1,300 

Steel  construction. . .  . 

Pneumatic 

Sand,  boulders 

450 

68 

2,700 

Timber  

Pneumatic 

Silt,  clay,  gravel 

500 

75 

1,800 

Iron  cylinder  

Pneumatic 

Sand,  shale 

525 

00 

1,200 

Timber  construction. 

Pneumatic 

Sand, 

540 

75 

1,700 

Timber  

Pneumatic 

Sand,  clay 

600 

75 

1,400 

Timber  construction . 

Pneumatic 

Sand,  gravel,  clay 

650 

80 

2,000 

Timber  construction. 

Pneumatic 

Sand 

650 

90 

1,200 

Timber  construction . 

Pneumatic 

Sand,  boulders 

650 

101 

2,100 

Timber  construction. 

Pneumatic 

Silt,  sand,  clay 

900 

54 

1,700 

522    DESIGN  OF  MASONRY  STRUCTURES  AND  FOUNDATIONS 


The  rate  of  progress  varies  greatly,  of  course,  with  the  character 
of  the  material  encountered,  amounting  to  only  a  fraction  of  an 
inch  per  day  in  some  cases,  while  in  others,  3  to  8  ft.  For  small 
cylindrical  caissons  under  buildings,  much  higher  rates  have 
been  obtained,  even  exceeding  a  foot  an  hour.  In  most  instances, 
}%  ft.  per  day,  would  perhaps  represent  average  progress.  A 
careful  record  should  be  kept  of  the  progress  made,  of  pressures, 
materials  encountered,  weight  of  caisson,  and  all  other  factors 
which  might  throw  light  on  subsequent  foundation  construction. 
Figure  264 1  shows  a  progress  chart  of  one  of  the  C.  &  N.  W.  R.  R. 
bridge  caissons  at  Kinzie  Street  Chicago  over  the  Chicago  river. 

The  frictional  resistance  to  sinking  varies  with  the  depth  sunk 
and  the  character  of  the  materials  penetrated.  Table  XXXVIII2 
gives  values  of  skin  friction  on  a  number  of  pneumatic  caissons. 

The  maximum  depth  reached  in  some  notable  pneumatic 
caissons  is  indicated  in  Table  XXXIX. 


Table  XXXIX. — Depths  Below  Water  Surface  in  Pneumatic  Caissons 


Structure 

Maximum 
depth,  feet 

Gauge  pres- 
sure, lbs.  per 
sq.  in. 

Municipal,  bridge,  St.  Louis  

113.0 

50 

109.7 

Memphis  bridge,  Memphis  

106.4 

Williamsburg  bridge,  New  York  

107.5 

Mine  shaft,  Deerwood,  Minn  

123.0 

52 

Brooklyn  bridge,  New  York  

78.0 

Broadway  bridge,  Portland  

101.0 

Northern  Pacific  bridge,  Vancouver  

80.0 

107.0 

48 

Metropolis  bridge,  Metropolis,  111  

113.2 

51 

Excavating  the  Spoil. — Boulders  and  other  heavy  material 
requiring  removal  must  be  taken  out  through  the  air  locks. 
Frequently  light  blasting  may  have  to  be  resorted  to  in  order  to 
reduce  materials  to  such  state  that  they  can  thus  be  removed; 
that  such  blasting  can  be  carried  on  without  serious  danger  of  a 
blowout  has  been  amply  demonstrated.  Boulders  may  be 
carried  down  by  excavating  around  them,  when  not  too  numer- 

1  Engineering  News,  Nov.  24,  1910. 

2  Trans.  Am.  Soc.  C.  E.,  vol.  62,  p.  133. 
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ous,  and  concreted  in  as  a  part  of  the  filling  of  the  working  cham- 
ber when  the  work  is  complete. 

Sand  and  silt  may  be  removed  by  buckets  through  air  locks, 
but  usually  they  are  most  conveniently  blown  out  by  air  pressure. 
A  small  sump  pit  is  formed  in  the  bottom  of  the  excavation  into 
which  the  water  is  drained;  a  flexible  hose,  usually  about  4  in. 
in  diameter,  attached  to  a  blowout  pipe  leading  to  the  exterior, 
has  its  free  end  in  this  sump.  The  "sand  hogs, "  as  the  men  are 
called  who  do  this  work,  shovel  the  sand  and  silt  into  this  sump 
and  the  air  pressure  forces  it  out  through  the  blowout  pipe. 
When  not  in  use,  the  blowout  pipe  is  closed  by  a  valve  in  the 
working  chamber.  The  exterior  discharge  of  the  blowout  pipe 
is  horizontal  and  special  devices  must  be  used  at  the  elbow 
where  the  vertical  pipe  turns  to  the  horizontal  to  prevent  the 
rapid  wearing  out  of  the  bend.  Usually  a  cap  of  specially 
resistant  metal  which  can  readily  be  replaced  is  used  for  this 
purpose.  The  dry  blowout  is  most  satisfactory  for  pressures 
between  20  and  75  ft.  For  less  pressures,  the  material  is  not 
rapidly  removed  and  for  greater  pressures,  the  difficulty  of 
maintaining  approximately  uniform  pressures  in  the  working 
chamber  increases  the  likelihood  of  a  blowout  and  makes  foggy 
and  otherwise  difficult  working  conditions. 

In  some  instances,  special  devices  for  pumping  out  sand  and 
silt  have  been  used,  such  as  the  mud  and  sand  pump.  The 
principle  involved  is  that  of  the  ejector,  frequently  used  in 
pumping  sand  at  filter  basins. 

Stiff  clay  and  mud  are  usually  more  conveniently  removed  by 
means  of  buckets  through  some  simple  type  of  air  lock  than  in 
any  other  way.  In  some  cases,  the  bucket  of  spoil  is  hoisted 
up  the  chute  by  the  air  pressure  acting  on  the  bucket  as  a  piston. 

Sealing  the  Caisson. — After  the  cutting  edge  has  reached  the 
stratum  on  which  the  caisson  is  finally  to  rest,  the  caisson  is 
"sealed"  by  cleaning  the  floor  of  the  working  chamber  and 
filling  the  working  chamber  and  the  shafts  with  concrete.  This 
is  an  exceedingly  important  part  of  the  work,  and  extreme  care 
should  be  exercised  to  see  that  it  is  properly  done.  Formerly  a 
dry  mixture  of  concrete  was  used,  which  was  tamped  in  by  work- 
men, but  more  recently  a  dry  mix  has  been  used  only  under  the 
edges  and  under  the  cross  beams,  being  rammed  into  place. 
After  this  dry  concrete  is  in  place,  wet  concrete  is  poured  in  to  fill 
the  chamber.    In  this  manner,  the  labor  and  the  time  required 
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for  sealing  are  greatly  decreased.  Where  a  caisson  lands  on  a 
stratum  of  rock  with  a  dip,  as  soon  as  the  cutting  edge  strikes 
the  high  side,  the  low  side  is  underpinned  with  timbers  to  keep 
the  caisson  evenly  supported,  the  excavation  is  completed  to 
solid  rock  and  the  working  chamber  sealed  in  the  usual  manner. 

Concrete  for  sealing  may  be  carried  in  buckets  through  air 
locks,  but  the  work  on  large  caissons  is  expedited  by  arranging  a 
special  trap  or  dump  bucket  which  discharges  at  intervals  into 
the  working  chamber.  Care  must  be  taken  to  insure  the  com- 
plete filling  of  the  working  chamber  after  the  concrete  has  taken 
permanent  set.  The  coefficient  of  shrinkage  due  to  setting  is 
about  0.0005,  hence,  a  layer  of  concrete  6  ft.  thick  would  shrink 
about  0.003  ft.  or  about  0.04  in.  When  very  wet  concrete  is 
used,  due  to  the  escape  of  excess  water,  the  shrinkage  has  been 
observed  to  result  in  %  to  %  in.  between  the  concrete  and  the 
roof.  To  prevent  this,  it  is  well  to  fill  the  working  chamber 
within  about  12  in.  of  the  top  and  allow  this  to  stand  24  hours 
until  the  shrinkage  has  been  accomplished  and  then  fill  the 
remaining  space  with  a  comparatively  dry  concrete. 

Pneumatic  Caisson  Foundations  Under  Buildings. — Pneu- 
matic caissons  or  cylinders  are  frequently  used  under  buildings 
for  the  purpose  of  sinking  columnar  piers  to  bed  rock,  where  the 
excavation  must  be  carried  through  water  bearing  strata. 
Figure  2651  shows  the  work  on  the  foundations  of  the  Municipal 
Building  at  New  York,  work  on  several  caissons  being  in  progress. 
The  foundations  consisted  partly  of  cylindrical  caissons  to 
ft.  in  diameter,  and  partly  of  rectangular  caissons  of  vary- 
ing size  up  to  26  ft.  by  31  ft.,  the  size  and  type  depending  upon 
the  loads  to  be  carried  and  the  soil  conditions  encountered. 
Some  of  the  caissons  rested  on  rock  with  a  bearing  of  15  tons 
per  sq.  ft.  and  some  on  sand  with  a  bearing  of  6  tons  per  sq. 
ft.,  the  depth  for  the  former  being  about  40  ft.  and  for  the 
latter  114  ft.  as  a  maximum.  Six  to  eight  caissons  were  in 
progress  of  sinking  at  any  one  time,  the  average  time  of  sinking 
being  about  one  month.  The  maximum  pressure  regularly  used 
was  48  lbs.  per  sq.  in.  Iron  weighting  was  used  on  most  of 
the  caissons. 

Caissons  similar  to  those  described  above  were  used  in  the 
construction  of  the  foundations  of  the  Singer  Building,  New  York,2 

1  Engineering  News,  Sept.  17,  1910 

2  Trans.  Am.  Soc.  C.  E.,  vol.  63,  p.  1. 
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where  the  piers  were  sunk  70  to  90  ft.  to  a  solid  stratum  of  shale 
or  hardpan  above  rock.  Figure  266  is  a  diagrammatic  sketch  of 
the  type  of  caisson  used.  The  following  details  of  the  plant  used 
in  the  Singer  Building  foundations  are  of  interest  and  are  fairly- 
typical  of  this  class  of  work. 


Fig.  265. — Pneumatic  caisson  under  the  Municipal  Building,  New  York,  N.  Y. 

"The  hoisting  plant  consisted  of  a  four-boom  derrick  and  two  stiff-leg 
derricks,  with  five  Lidgerwood  double-drum  engines,  3  ft.  7  in.  by  10  in. 
and  two,  8j4  by  10  in.,  and  one  Lambert,  7^  by  10  in.j  in  addition, 
there  were  four  Rawson  and  Morrison  boom-swinging  gears. 

"A  platform  was  built  on  the  level  of  the  sidewalk  about  15  ft.  above 
the  excavation.  The  lot  was  excavated  to  about  the  water  level  before 
commencing  the  caisson  work  proper.  The  derrick,  which  was  built 
so  that  carts  could  run  under  it  on  the  street  level,  was  about  30  ft. 
square,  with  four  masts  30  ft.  high  and  50-ft.  booms. 

"The  compressor  plant  consisted  of  one  Rand  straight-line  compressor 
of  14-in.  steam  cylinder  by  18-in.  air  cylinder  by  22-in.  stroke,  capable 
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of  pumping  1,294  cu.  ft.  of  free  air  per  minute,  theoretical  rated  capacity, 
and  one  McKiernan  22-in.  steam  cylinder,  26-in.  air  cylinder  and  24-in. 
stroke  compressor,  capable  of  pumping  1,474  cu.  ft.  of  free  air  per  minute 
with  a  speed  of  100  rev.  per  min.  Twin  air  receivers  were  used,  each 
41  in.  in  diameter,  coupled,  and  15  ft.  9  in.  long.  There  was  also  a  14-in. 
air  cooler,  14  ft.  long." 


Fig.  266. — Diagrammatic  sketch  of  section  through  a  cylinder  caisson  under  the 
Singer  Building,  New  York. 

Costs  of  Pneumatic  Foundations. — The  cost  of  pneumatic 
caissons  is  too  variable  to  permit  average  figures  being  gi^en 
that  would  be  at  all  reliable  in  making  an  estimate.    The  inlro- 
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duction  of  reinforced  concrete  in  the  construction  of  caissons 
makes  the  construction  somewhat  cheaper  than  timber  con- 
struction would  be  following  the  older  designs,  but  the  most 
accurate  mode  of  estimating  the  probable  cost  of  a  pneumatic 
foundation  is  to  estimate  the  costs  of  the  separate  items,  the 
chief  of  which  may  be  grouped  as  shown  below : 

Materials: 
Timber 
Rods 

Bolts,  nuts  and  washers 

Boat  spikes,  lag  screws  and  drift  bolts 

Oakum 

Pitch 

Pipe  for  shaft 

Steel  plate  and  angles  for  cutting  edge 
Miscellaneous 

Labor: 
Framing 

Handling  materials 
Caulking 
Launching 
Grounding 
Excavating 
Removing  coffer-dam 
Sealing  caisson 
Placing  masonry 
Miscellaneous 

Plant  charge  less  salvage: 
Engine 
Compressors 
Air  tanks 
Pumps 
Air  locks 
Hose 
Pipe 

Jack  screws 

Engine  and  compressor  house 
Fuel  and  oil 

Installing  and  removing  plant 

General  expense: 
Superintendence. 

Usually  the  cost  of  pneumatic  caissons  is  stated  in  terms  of 
cubic  yards  below  the  water  as  a  unit  of  quantity,  but  the  cost 
per  cubic  yard  varies  widely  with  the  conditions  of  sinking  and 
of  labor.    The  cost  per  cubic  yard  below  the  top  of  the  crib  has 
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ranged  from  about  $10  to  $30  per  cubic  yard,  averaging  perhaps 
about  $20.  However,  an  average  figure  from  so  wide  a  range 
of  variation  is  of  no  value  in  forecasting  the  probable  cost  of  a 
proposed  foundation,  hence  a  careful  estimate  made  item  by 
item  as  above  suggested  is  the  only  recourse,  unless  data  are  at 
hand  showing  costs  of  similar  work  under  similar  conditions. 

Physiological  and  Pathological  Effects  of  Compressed  Air 
on  Caisson  Workers. — Due  to  the  more  concentrated  form  of 
the  air  in  a  caisson,  oxidation  is  more  rapid,  hence,  generally 
men  evince  greater  energy  than  when  working  in  the  open. 
Candles  or  torches  burn  more  rapidly  for  a  similar  reason.  How- 
ever, the  effect  on  the  normal  functioning  of  the  organs  of  the 
body  seems  to  be  slight  if  not  entirely  negligible.  Perspiration  is 
perhaps  more  profuse  than  in  the  open,  although  this  is  possibly 
due  to  the  increased  temperature  quite  as  much  as  to  the  air 
pressure.  Upon  entrance  into  the  chamber,  or  while  in  the  air 
lock,  pressure  on  the  ear  drums  may  become  unpleasant, 
although  swallowing  or  holding  the  nose  and  blowing  will  in 
almost  every  case  equalize  the  pressure  on  the  outside  and  inside 
of  the  ear  drums  by  forcing  air  from  the  nasal  passage  through 
the  eustachian  tubes. 

The  pallor  of  the  skin  on  entering  compression  noticed  by  some 
observers  probably  is  the  result  of  fright  rather  than  any  physio- 
logical effect  of  compressed  air.  There  seems  to  be  no  evidence 
to  substantiate  the  claim  that  compression  (aside  from  fright) 
alters  the  volume  or  rate  of  pulse  or  of  respiration,  nor  blood 
pressure  nor  the  amount  of  urine  or  of  sweat  production.  In 
some  instances,  the  pulse  was  slowed  from  70  to  65.  The  profuse 
sweating  results  from  increased  temperatures.  There  is  a 
noticeable  change  in  the  quality  of  the  voice  to  a  nasal  intonation 
and  a  general  exhilaration.  The  appetite  may  be  affected  and 
thus  the  vitality  of  the  men  diminished,  making  them  susceptible 
to  various  disease  attacks  in  addition  to  caisson  disease  itself. 
The  caisson  should  be  well  ventilated,  therefore,  and  the  humid- 
ity, as  indicated  by  a  wet  bulb  thermometer,  kept  as  low  as 
practicable. 

The  pathological  effects  are  much  more  serious  than  the 
physiological  and  may  be  grouped  into  three  classes : 

1.  The  increased  liability  to  contracting  colds  and  pneumonia; 

2.  The  direct  effect  of  pressure  on  the  ears  and  the  respiratory  organs, 
spoken  of  as  being  "plugged,"  or  "blocked;" 
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3.  Caisson  disease,  "the  bends,"  or  aeremia,  which  varies  greatly  in  its 
severity; 

4.  Remote  pathological  effects. 

The  compression  of  the  air  in  the  caisson  raises  the  temperature 
and  permits  men  to  work  thinly  or  partially  clad,  and  when  they 
emerge  from  the  caisson  they  frequently  do  not  add  sufficient 
clothing  to  protect  them  adequately  and  the  exposure  leads  to 
colds  and  pneumonia.  Temperatures  in  one  of  the  air  locks  at 
the  Metropolis  bridge  ran  as  high  as  125°  F.  due  to  the  great 
pressure  and  the  frequent  concreting. 

For  a  more  extended  discussion  of  caisson  disease  than  the 
present  one,  the  reader  is  referred  to  the  paper  by  Henry  Japp, 
with  the  discussions.1 

Symptoms  and  Causes  of  Caisson  Disease —The  symptoms2 
of  caisson  disease  are  vertigo,  neuralgic  or  rheumatic  pains  of  an 
intermittent  paroxysmal  character,  chiefly  in  the  legs  and  of 
varying  severity,  prostration  and  unconsciousness.  In  the 
worst  cases,  these  pains  are  so  violent  as  to  completely  unnerve 
strong  men.  The  sensation  is  that  of  the  flesh  being  torn  apart 
and  loose  from  the  bones,  causing  men  to  double  up  and  writhe 
with  agony,  hence  the  popular  name  of  "bends"  given  to  the 
disease.  Vomiting  usually  accompanies  the  attack,  and  almost 
always  pains  in  the  stomach.  In  many  cases,  paralysis,  partial 
or  complete,  results,  varying  in  severity  from  a  feeling  of  numb- 
ness to  a  complete  loss  of  feeling  and  of  muscular  control,  hence 
the  name  "diver's  palsy,"  sometimes  applied  to  the  disease. 
Dizziness,  or  vertigo,  or  the  "staggers,"  headache,  double  vision, 
incoherence  of  speech,  paralysis  of  the  bowels  and  of  the  bladder, 
labored  breathing,  or  "the  chokes"  due  to  bubbles  of  gas  forced 
through  the  pulmonary  arteries,  and  sometimes  prostration 
and  unconsciousness  are  concomitants.  Paralysis  may  last 
from  a  few  hours  to  several  weeks  or  months.  Itching  caused 
by  the  formation  of  bubbles  in  the  fat  of  the  sub-cutaneous 
tissues  is  frequently  observed.  Death  resulting  directly  from 
caisson  disease  usually  occurs  within  a  few  hours  after  the  attack, 
although  death  may  result  indirectly  from  complications  or 
sequelae  several  days  or  months  subsequent  to  the  attack. 

The  cause  of  caisson  disease,  or  aremia,  is  the  formation  of 
bubbles  of  air  or  of  nitrogen,  in  the  circulatory  system,  which 

1  Trans.  Am.  Soc.  C.  E.,  vol.  65. 

2  Engineering  News,  Sept.  5,  1901. 
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may  clog  the  circulation  or,  on  expanding,  may  rupture  the  blood 
vessels,  particularly  the  capillaries  and  the  veins.  The  formation 
of  these  bubbles  is  due  to  the  fact  that  the  blood  of  the  caisson 
worker  has  become  saturated  with  gases  at  the  high  pressure, 
and  on  emergence  from  the  caisson,  the  external  pressure 
being  reduced,  these  dissolved  gases  expand  producing  bubbles 
or  beads  in  the  blood.  Post  mortems  have  shown  that  the  forma- 
tion of  beads  of  air  is  most  noticeable  in  the  venous  circulation. 
The  period  of  onset  varies  greatly,  of  course,  usually  early,  that 
is  within  a  few  minutes,  and  is  seldom  delayed  over  three  hours. 

The  following  record1  of  a  post  mortem  23  hours  after  death, 
indicates  the  causes. 

"  Rigor  mortis  was  well  marked.  Post  mortem  staining  marked  about 
neck  and  lower  limbs.  On  incising  the  scalp,  a  quantity  of  very  dark 
colored,  almost  black,  fluid  blood  flowed  from  cut  vessels,  principally 
the  temporals.  On  removing  the  calvarium,  the  veins  over  the  whole 
surface  of  the  brain  were  deeply  engorged  with  the  same  dark  fluid 
blood,  and  on  removal  of  the  brain,  a  large  quantity  escaped  from  the 
vessels  at  the  base.  A  careful  examination  was  made  of  the  pons,  medulla 
and  upper  inch  of  the  cord.  There  was  no  evidence  of  any  lasceration 
or  extravasation  of  blood.  Numerous  small  blood  vessels  were  marked 
in  the  cord,  etc.,  by  the  black  puncta,  produced  by  the  exuding  black 
blood,  but  up  to  this  no  air  was  seen.  On  making  sections  of  the  hemis- 
pheres nothing  abnormal  was  noticed  until  the  lateral  ventricles  were 
opened  up.  These  contained  little  or  no  fluid.  The  striking  point 
was  the  presence  of  bubbles  of  air  in  large  quantities  in  the  veins  of  Galen 
and  the  choroid  plexus.  These  had  a  beaded  appearance,  and  showed 
prominently  against  the  dark  background  of  the  plexus.  On  examina- 
tion of  the  veins  of  the  brain,  which  by  this  time  were  emptied  of  their 
blood,  they  were  found  to  be  in  a  similar  condition.  On  opening  the 
thorax,  the  lungs  were  found  to  be  absolutely  healthy.  They  appeared 
to  contain  less  blood  than  usual  but  were  not  engorged.  The  peri- 
cardium contained  little  fluid.  The  heart  was  of  normal  size,  but  the 
veins  on  its  under  side  were  markedly  beaded  with  air.  On  lifting  it  up, 
it  felt  like  a  bladder  half  full  of  water,  and  on  making  pressure  to  raise  it, 
it  was  heard  to  gurgle  loudly,  and  a  quantity  of  dark  frothy  blood  flowed 
from  the  sinuses  at  the  base  of  the  skull.  On  opening  the  right  ventricle, 
air  came  out  with  a  puff,  and  a  small  quantity  of  black  frothy  fluid 
blood  was  still  found,  but  no  trace  whatever  of  a  blood  clot.  The  left 
side  of  the  heart  was  empty.    All  the  valves  were  perfectly  healthy. 

"On  opening  the  abdomen,  the  small  vessels  of  the  mesentery  at  the 
attachment  of  the  gut  were  found  to  be  filled  with  air.    The  liver  was 

Leonard  Hill,  "Caisson  Sickness,"  p.  67. 
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dark  colored  and  engorged,  and  on  section  the  cut  surface  exuded  such  a 
large  quantity  of  froth  that  it  gave  the  impression  that  portions  of  the 
liver  might  float  in  water,  but  on  trial,  they  sank  immediately.  .  .  . 
The  cellular  tissue  in  the  subcutaneous  fat  of  the  abdomen  and  under- 
neath the  sternum  also  contained  bubbles  of  air." 

A  dog  quickly  decompressed  from  93^  atmospheres  died 
instantly.  Investigation  showed  air  in  all  the  tissues  and  in  the 
blood  and  in  the  spinal  cord.  Frogs  placed  under  compressed 
air  show  air  bubbles  in  the  vessels  of  the  web  of  the  foot.  The 
conclusion  is  accepted  by  everyone  that  the  release  of  air,  and 
more  particularly  nitrogen  bubbles,  in  the  blood  and  tissues  is 
the  cause  of  caisson  disease. 

Air  bubbles  in  such  unyielding  tissues  as  the  ligaments, 
facise,  periosteum,  etc.,  cause  "bends"  of  less  severity  and  certain 
other  organs  may  give  rise  to  no  symptoms  whatever;  air  embo- 
lism of  the  arteries  of  the  spinal  cord  is  commonly  the  cause 
of  paralysis  of  the  lower  limbs,  while  embolism  of  the  cerebral 
vessels  may  cause  paralysis  of  one  limb,  or  of  one  complete  side, 
or  may  cause  complete  loss  of  understanding,  or  may  result  in 
blindness  or  loss  of  other  senses. 

The  remote  effects  of  working  in  compressed  air  are  usually 
sequelae  of  caisson  disease  in  conjunction  with  alcoholism  or 
some  other  extraneous  factor.  Those  reported  by  Dr.  Bassae1 
are  inflammation  of  the  spinal  cord  with  the  accompanying 
physical  effects,  inflammation  of  joints  producing  deformation, 
particularly  of  the  hip,  and  brittleness  of  the  bones. 

The  susceptibility  to  caisson  disease  increases  with  each  attack 
and  the  symptoms  become  more  severe  with  each  succeeding 
attack.  Lack  of  nervous  control  in  the  limbs  sometimes  results 
following  repeated  attacks.  In  a  few  instances,  acute  mania  has 
resulted,  the  subject  being  designated  as  a  "degenerate,  liar, 
sodomist,  and  quarrelsome  fellow." 

Prevention  and  Treatment  of  Caisson  Disease. — Two  general 
precautions  are  employed  to  prevent  caisson  disease  among 
workers,  viz.,  (1)  the  employment  of  only  those  suited  to  this 
kind  of  work,  and.  (2)  the  regulation  of  conditions  of  working, 
such  as  length  of  shift,  time  of  decompression  in  the  air  lock, 
mode  of  living,  etc.,  so  that  the  danger  may  be  minimized. 

Only  comparatively  young  men  of  sound  body  and  clean 
habits  of  living  should  be  employed.    Men  addicted  to  alcohol 

1  International  Congress  on  Hygiene  and  Demography,  vol.  3. 
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are  likely  to  succumb  easily;  fat  men  are  not  suitable  as  the  fatty 
tissues  absorb  about  five  times  as  much  gas  as  does  the  blood, 
and  as  the  rate  of  absorption  is  slow,  the  rate  of  desaturation  is 
correspondingly  slow.  Men  with  strong  hearts  and  good  circu- 
lation, and  relatively  low  blood  pressure  should  be  employed, 
for  the  desaturation  occurs  much  more  rapidly  if  the  circulation 
is  good.  A  thorough  physical  examination  by  a  competent 
physician  should  be  the  basis  of  accepting  men  for  caisson  work. 
The  men  should  never  go  into  the  caisson  with  an  empty  stomach, 
and  should  dress  warmly  on  coming  out. 

The  chief  elements  to  be  observed  in  working  conditions  are 
the  period  of  compression  during  entrance,  the  length  of  shift 
spent  in  the  working  chamber,  the  period  of  rest  between  shifts, 
adequate  ventilation  of  the  working  chamber,  and  last  and  most 
important,  the  time  of  decompression  when  leaving  the  working 
chamber.  The  time  required  for  compression  is  brief,  and 
beyond  the  requirements  for  physical  comfort,  does  not  require 
special  attention,  1.5  to  2  lb.  increase  in  pressure  per  minute  being 
conservative  practice.  Dr.  Haldane  found  that  the  blood 
becomes  50  per  cent  saturated  in  five  minutes  and  completely 
saturated  in  40  min.  in  those  tissues  and  parts  where  the  circula- 
tion is  rapid,  while  other  parts  lacking  the  copious  supply  of 
blood  become  50  per  cent  saturated  in  l}i  hours  and  100  per 
cent  saturated  in  4  hours. 

As  to  the  length  of  shift  and  rest  period  between  shifts,  practice 
indicates  that  the  periods  prescribed  by  the  New  York  law  are 
conservative.  Usually  the  continual  pumping  of  air  into  the 
chamber  with  the  usual  escape  of  air  provides  sufficient  ventila- 
tion, but  in  some  instances,  the  air  becomes  foul  and  special 
means  of  ventilation  should  be  provided.  Poor  ventilation 
due  to  the  decrease  in  the  air  space  during  the  sealing  of  the 
working  chamber  is  likely  to  cause  attacks  of  caisson  disease. 
The  chief  need  of  ventilation  is  in  the  air  lock,  where,  due  to 
the  changing  air  pressure  during  compression,  the  atmosphere  is 
cold  and  foggy.  The  French  Law  of  1908  requires  21.2  cu.  ft. 
per  man  to  be  provided  in  the  air  lock  for  depths  to  66  ft.,  and 
not  less  than  24.7  cu.  ft.  per  man  for  depths  above  this.  A  small 
amount  of  ozone  pumped  into  the  chamber  sweetens  the  air 
and  removes  the  musty  odor.  Electric  lighting  rather  than  oil 
lights  should  be  used  in  order  to  avoid  the  soot  from  the  lights. 
Cooling  the  air  greatly  improves  the  working  conditions. 
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The  main  difficulty  arises  in  decompression,  for  it  is  impracti- 
cable to  allow  as  much  time  for  decompression  as  certain  physio- 
logical experiments  indicate  as  being  desirable.  Two  modes  of 
procedure  are  followed,  one  employing  a  uniform  rate  of  decom- 
pression, and  the  other,  a  stage  decompression,  rapid  at  first 
and  then  more  slowly.  The  total  time  allotted  is  not  greatly 
different  in  the  two  modes. 

In  decompressing  uniformly,  the  time  allotted  by  different 
engineers  varies.  For  depths  less  than  50  ft.,  little  difficulty  is 
encountered,  but  for  greater  depths  special  care  must  be  exer- 
cised. German  practice  is  about  l^i  min.  per  pound  of  pres- 
sure, while  others  allow  only  y2  to  1  min.  per  pound.  Older 
practice  commonly  allowed  about  2  to  4  hours  working  shifts 
for  pressures  between  30  and  50  lb.,  and  20  min.  to  an  hour  for 
decompression.  For  lower  pressures,  the  shift  is  not  shortened 
from  that  used  under  normal  atmospheric  pressure  and  the  time 
of  decompression  varies  from  5  to  15  min.  The  provisions  of  the 
New  York  law  are  as  follows: 


Gauge  pressure  in  lbs.  per  sq.  in   10    15    20    25    30    36    40  50 

Minutes  in  decompression   1      2     5    10    12    15    20  25 


Gauge  pressure  in  lbs. 
per  sq.  in. 

0-21 

22-30 

31-35 

36-40 

41-45 

45-50 

Total  hours  per  day  in 

caisson  

8 

6 

4 

3 

2 

m 

2 

2 

2 

2 

2 

2 

(min.) 

(min.) 

(min.) 

Length  of  shift  in  hours. 

3 

2 

1H 

1 

H 

Minimum  time  between 

(max.) 

(max.) 

shifts,  hrs  

H 

1 

2 

3 

4 

5 

This  law  is  open  to  criticism  perhaps  in  that  it  requires  too 
many  shifts  and  therefore  too  many  decompressions.  A  longer 
period  of  working  with  only  one  shift  per  day  is  believed  by  some 
to  be  a  more  satisfactory  arrangement,  and  the  evidence  from 
practice  would  indicate  such  to  be  the  case.1 

The  French  Government  regulations2  for  compressed  air  work 
require  that  a  physician  examine  all  men  and  any  intoxicated 

1  Trans.  Am.  Soc.  C.  E.,  vol.  65,  p.  10  and  27. 

2  Engineering  News,  Dec.  30,  1909. 
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workman  must  be  kept  away  from  the  work  at  least  24  hours. 
In  compression,  the  time  shall  be  at  least  4  min.  to  raise  from  14 
to  28  lbs.  per  square  inch  above  atmospheric  pressure,  and  at 
least  5  min.  for  each  additional  14  lbs.  The  time  employed  in 
decompression  shall  not  be  less  than:  20  min.  for  each  14  lbs. 
down  to  42  lbs.,  15  min.  for  each  14  lbs.  between  42  and  28,  and 
10  min.  for  each  14  lbs.  below  28  lbs.  If  the  pressure  does  not 
exceed  14  lbs.,  the  time  required  to  reduce  to  zero  may  be  5  min. 

The  French  law  further  requires  that  the  height  of  the  working 
chamber  shall  be  such  that  men  can  stand  upright  in  it.  The 
quantity  of  air  shall  not  be  less  than  1,400  cu.  ft.  per  hour  per 
man,  and  the  carbon  dioxide  shall  not  exceed  1  part  per  1,000. 
In  the  event  that  the  pumping  of  air  is  stopped,  all  men  must 
depart  after  a  period  of  10  min.  Firing  blasts  without  removing 
the  workmen  is  prohibited.  In  summer  the  lock  shall  be  pro- 
tected by  awnings  to  prevent  greater  heat.  Where  more  than  20 
are  in  the  chamber,  communication  by  telephone  must  be 
established  with  the  outside.  Electric  lighting  shall  be  used  in 
lock,  shaft  and  chamber.  The  working  chamber  shall  be  supplied 
with  a  tank  of  oxygen  under  pressure  for  an  emergency. 

The  length  of  shift  is  restricted  as  follows: 


Below  28  lbs   8  hours 

28-35  lbs   7 

35-42  lbs   6 

42-49  lbs   5 

49-56  lbs   4 


The  stage  decompression  method  as  developed  by  Dr.  J.  S. 
Haldane  is  based  on  the  theory,  which  is  supported  by  many 
experiments,  that  bubbles  of  gas  are  not  released  in  the  blood 
where  the  saturation  or  pressure  in  the  blood  does  not  exceed 
the  external  pressure  by  more  than  19  lbs.  per  square  inch  gauge, 
or  34  lbs.  absolute,  hence,  the  pressure  can  be  diminished  quickly 
by  that  amount  in  about  3  min.,  and  then  more  slowly  for  the 
remainder  of  the  time,  allowing  the  rate  of  decrease  in  pressure 
to  correspond  with  the  rate  of  desaturation  of  the  blood;  or,  in 
other  words,  keeping  the  difference  between  air  pressure  in  the 
blood  and  on  the  outside  constant  at  about  19  lbs.,  allowing  men 
finally  to  emerge  with  19  lbs.  air  pressure  in  their  blood.  Dr. 
Haldane  recommends  from  2  to  9  min.  per  pound  of  pressure  after 
the  initial  stage,  depending  upon  the  length  of  time  the  men  have 
been  in  the  working  chamber  and  the  intensity  of  the  air  pressure. 
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This  practice  is  stated  by  Henry  Japp1  and  others  to  be  needlessly 
conservative.  Mr.  Japp  allowed  the  pressure  to  be  reduced  27 
lb.  in  the  initial  stage  of  3  to  9  min.  and  allowed  l}^  to  2  min. 
per  pound  for  the  remainder  of  the  decompression,  allowing  the 
men  to  emerge  finally  with  an  air  pressure  in  the  blood  of  about 
27  lb.  This  inequality  of  pressures  expedites  the  desaturation 
of  the  blood.  Mr.  Japp  reports  this  arrangement  to  have  been 
found  satisfactory  on  work  at  New  York  where  pressures  ran  as 
high  as  50  lb. 

In  general,  slow  decompression  is  the  most  effective  means  of 
preventing  caisson  disease,  and  engineers  are  beginning  to  adopt 
this  method  always  for  deep  work.  Whether  the  shorter  shifts 
with  more  than  one  shift  per  day  are  more  advantageous  than 
one  longer  shift  per  day  with  the  single  decompression  is  still 
open  to  question.  The  difficulty  arises  out  of  the  decompression, 
hence,  other  things  being  equal,  it  is  desirable  to  minimize  the 
number  of  decompressions,  although  perhaps  saturation  is  not  so 
complete  for  the  shorter  shifts,  for  apparently  complete  satura- 
tion does  not  occur  until  after  an  immersion  of  three  hours  or 
more.  At  the  Metropolis  bridge,  men  worked  ^-hour  shifts 
under  51  lbs.  per  square  inch  and  decompressed  without  serious 
trouble.  Dr.  Haldane's  stage  decompression  has  been  used 
successfully  up  to  92.4  lbs.  per  square  inch. 

The  only  effective  treatment  of  caisson  disease  is  recompression 
and  then  slower  decompression.  If  this  is  done  before  the  air 
embolism  has  had  opportunity  to  rupture  the  blood  vessels,  a 
cure  can  almost  always  be  effected,  otherwise  recompression  is 
of  little  value.  Dr.  E.  W.  Moir  has  devised2  a  recompression 
tank  or  chamber  which  is  kept  available  outside  the  caisson,  in 
which  affected  men  may  be  placed  and  recompressed,  and  then 
decompressed  at  sufficiently  low  rate  to  insure  safety.  Its  use 
reduced  the  death  rate  from  25  per  cent  to  1  per  cent  on  the 
Hudson  River  tunnel,  and  to  0.19  per  cent  on  the  East  River 
tunnels.  In  compressed  air  work  where  there  is  any  likelihood 
of  caisson  disease,  that  is,  where  men  have  to  work  for  any  con- 
siderable period  under  pressure  exceeding  about  30  lbs.  per 
square  inch,  a  recompression  chamber  should  be  provided  for 
emergency  use. 

1  Trans.  Am.  Soc.  C.  E.,  vol.  65,  p.  18. 

2  Trans.  Am.  Soc.  C.  E.,  vol.  65,  p.  5. 
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Poisonous  Gases  in  Caissons. — In  sinking  Pier  V  of  the 
Harahan  bridge  at  Memphis,  a  poisonous  gas  was  encountered 
which  caused  nine  men  to  lose  their  lives  in  the  main  shaft  above 
the  air  lock.  The  gang  going  in  to  relieve  the  one  in  the  working 
chamber  were  overcome  and  apparently  killed  almost  instantly. 
The  men  in  the  working  chamber  felt  no  ill  effects.  No  definite 
evidence  was  available  as  to  the  origin  or  the  nature  of  the  gas 
that  had  accumulated  at  the  bottom  of  the  shaft,  but  Mr. 
Modjeski,  the  Consulting  Engineer  in  Charge,  supposed  it  to  be 
carbon  monoxide  resulting  from  the  combustion  of  methane.1 

In  the  foundations  under  the  Harlem  River,  such  poisonous 
gases  were  encountered  as  to  cause  much  trouble  with  caisson 
disease  even  at  light  pressures.2 

1  Report  of  Ralph  Modjeski,  Consulting  Engineer  in  Charge,  p.  8. 

2  Engineering  News,  Nov.  7,  1912. 
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Standard  Specifications  and  Tests  for  Portland  Cement 

These  specifications  were  approved  January  15,  1921, 
as   "Tentative  American  Standard"  by  the 
American  Engineering  Standards  Committee 

SPECIFICATIONS 

1.  Definition. — Portland  cement  is  the  product  obtained  by  finely  pul- 
verizing clinker  produced  by  calcining  to  incipient  fusion  an  intimate  and 
properly  proportioned  mixture  of  argillaceous  and  calcareous  materials, 
with  no  additions  subsequent  to  calcination  excepting  water  and  calcined 
or  uncalcined  gypsum. 

I.  CHEMICAL  PROPERTIES 

2.  Chemical  Limits. — The  following  limits  shall  not  be  exceeded : 

Loss  on  ignition,  per  cent   4.00 

Insoluble  residue,  per  cent   0.85 

Sulfuric  anhydride  (S05),  per  cent   2.00 

Magnesia  (MgO),  per  cent   5.00 

II.  PHYSICAL  PROPERTIES 

3.  Specific  Gravity. — The  specific  gravity  of  cement  shall  be  not  less  than 
3.10  (3.07  for  white  Portland  cement).  Should  the  test  of  cement  as  received 
fall  below  this  requirement  a  second  test  may  be  made  upon  an  ignited 
sample.  The  specific  gravity  test  will  not  be  made  unless  specifically 
ordered. 

4.  Fineness. — The  residue  on  a  standard  No.  200  sieve  shall  not  exceed 
22  per  cent  by  weight. 

5.  Soundness. — A  pat  of  neat  cement  shall  remain  firm  and  hard,  and 
show  no  signs  of  distortion,  cracking,  checking,  or  disintegration  in  the 
steam  test  for  soundness. 

6.  Time  of  Setting. — The  cement  shall  not  develop  initial  set  in  less  than 
45  minutes  when  the  Vicat  needle  is  used  or  60  minutes  when  the  Gillmore 
needle  is  used.    Final  set  shall  be  attained  within  10  hours. 

7.  Tensile  Strength. — The  average  tensile  strength  in  pounds  per  square 
inch  of  not  less  than  three  standard  mortar  briquettes  (see  Section  50) 
composed  of  one  part  cement  and  three  parts  standard  sand,  by  weight, 
shall  be  equal  to  or  higher  than  the  following :  .  , 
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Age  at  test, 
days 

Storage  of  briquettes 

Tensile  strength, 
lb.  per  sq.  in. 

7 

28 

1  day  in  moist  air,  6  days  in.  water  

1  day  in  moist  air,  27  days  in  water  

200 
300 

8.  The  average  tensile  strength  of  standard  mortar  at  28  days  shall  be 
higher  than  the  strength  at  7  days. 


III.  PACKAGES,  MARKING  AND  STORAGE 

9.  Packages  and  Marking. — The  cement  shall  be  delivered  in  suitable 
bags  or  barrels  with  the  brand  and  name  of  the  manufacturer  plainly  marked 
thereon,  unless  shipped  in  bulk.  A  bag  shall  contain  94  lb.  net.  A  barrel 
shall  contain  376  lb.  net. 

10.  Storage. — The  cement  shall  be  stored  in  such  a  manner  as  to  permit 
easy  access  for  proper  inspection  and  identification  of  each  shipment,  and 
in  a  suitable  weather-tight  building  which  will  protect  the  cement  from 
dampness. 

IV.  INSPECTION 

11.  Inspection. — Every  facility  shall  be  provided  the  purchaser  for  careful 
sampling  and  inspection  at  either  the  mill  or  at  the  site  of  the  work,  as  may 
be  specified  by  the  purchaser.  At  least  10  days  from  the  time  of  sampling 
shall  be  allowed  for  the  completion  of  the  7-day  test,  and  at  least  31  days 
shall  be  allowed  for  the  completion  of  the  28-day  test.  The  cement  shall  be 
tested  in  accordance  with  the  methods  hereinafter  prescribed.  The  28- 
day  test  shall  be  waived  only  when  specifically  so  ordered. 

v.  REJECTION 

12.  Rejection. — The  cement  may  be  rejected  if  it  fails  to  meet  any  of 
the  requirements  of  these  specifications. 

13.  Cement  shall  not  be  rejected  on  account  of  failure  to  meet  the  fineness 
requirement  if  upon  retest  after  drying  at  100°  C.  for  one  hour  it  meets  this 
requirement. 

14.  Cement  failing  to  meet  the  test  for  soundness  in  steam  may  be 
accepted  if  it  passes  a  retest  using  a  new  sample  at  any  time  within  28  days 
thereafter. 

15.  Packages  varying  more  than  5  per  cent  from  the  specified  weight 
may  be  rejected;  and  if  the  average  weight  of  packages  in  any  shipment, 
as  shown  by  weighing  50  packages  taken  at  random,  is  less  than  that 
specified,  the  entire  shipment  may  be  rejected. 

Standard  Physical  Tests  for  Portland  Cement 
viii.  determination  of  specific  gravity 

28.  Apparatus. — The  determination  of  specific  gravity  shall  be  made  with 
a  standardized  Le  Chatelier  apparatus.    This  apparatus  is  standardized 
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by  the  United  States  Bureau  of  Standards.  Kerosene  free  from  water,  or 
benzine  not  lighter  than  62°  Baum6,  shall  be  used  in  making  this 
determination. 

29.  Method. — The  flask  shall  be  filled  with  either  of  these  liquids  to 
a  point  on  the  stem  between  zero  and  one  cubic  centimeter,  and  64  g.  of 
cement,  of  the  same  temperature  as  the  liquid,  shall  be  slowly  introduced, 
taking  care  that  the  cement  does  not  adhere  to  the  inside  of  the  flask  above 
the  liquid  and  to  free  the  cement  from  air  by  rolling  the  flask  in  an  inclined 
position.  After  all  the  cement  is  introduced,  the  level  of  the  liquid  will  rise 
to  some  division  of  the  graduated  neck;  the  difference  between  readings  is 
the  volume  displaced  by  64  g.  of  the  cement. 

The  specific  gravity  shall  then  be  obtained  from  the  formula 

0     .„  Weight  of  cement  (g.) 

specific  gravity  =  ~ —  -5  ;  7 — , 

^  J      Displaced  volume  (cc.) 

30.  The  flask,  during  the  operation,  shall  be  kept  immersed  in  water,  in 
order  to  avoid  variations  in  the  temperature  of  the  liquid  in  the  flask,  which 
shall  not  exceed  0°.5  C.  The  results  of  repeated  tests  should  agree  within 
0.01. 

31.  The  determination  of  specific  gravity  shall  be  made  on  the  cement 
as  received;  if  it  falls  below  3.10,  a  second  determination  shall  be  made  after 
igniting  the  sample  as  described  in  Section  20. 


IX.  DETERMINATION  OF  FINENESS 

32.  Apparatus. — Wire  cloth  for  standard  sieves  for  cement  shall  be 
woven  (not  twilled)  from  brass,  bronze,  or  other  suitable  wire,  and  mounted 
without  distortion  on  frames  not  less  than  1^  in.  below  the  top  of  the 
frame.  The  sieve  frames  shall  be  circular,  approximately  8  in.  in  diameter, 
and  may  be  provided  with  a  pan  and  cover. 

33.  A  standard  No.  200  sieve  is  one  having  nominally  an  0.0029-in. 
opening  and  200  wires  per  inch  standardized  by  the  U.  S.  Bureau  of  Stand- 
ards, and  conforming  to  the  following  requirements: 

The  No.  200  sieve  should  have  200  wires  per  inch,  and  the  number  of 
wires  in  any  whole  inch  shall  not  be  outside  the  limits  of  192  to  208.  No 
opening  between  adjacent  parallel  wires  shall  be  more  than  0.0050  in.  in 
width.  The  diameter  of  the  wire  should  be  0.0021  in.  and  the  average 
diameter  shall  not  be  outside  the  limits  0.0019  to  0.0023  in.  The  value  of 
the  sieve  as  determined  by  sieving  tests  made  in  conformity  with  the 
standard  specification  for  these  tests  on  a  standardized  cement  which  gives 
a  residue  of  25  to  20  per  cent  on  the  No.  200  sieve,  or  on  other  similarly 
graded  material,  shall  not  show  a  variation  of  more  than  1.5  per  cent  above 
or  below  the  standards  maintained  at  the  Bureau  of  Standards. 

34.  Method. — The  test  shall  be  made  with  50  g.  of  cement.  The  sieve 
shall  be  thoroughly  clean  and  dry.  The  cement  shall  be  placed  on  the  No. 
200  sieve,  with  pan  and  cover  attached,  if  desired,  and  shall  be  held  in  one 
hand  in  a  slightly  inclined  position  so  that  the  sample  will  be  well  distributed 
over  the  sieve,  at  the  same  time  gently  striking  the  side  about  150  times  per 
minute  against  the  palm  of  the  other  hand  on  the  up  stroke.  The  sieve 
shall  be  turned  every  25  strokes  about  one-sixth  of  a  revolution  in  the 
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same  direction.  The  operation  shall  continue  until  not  more  than  0.05 
g.  passes  through  in  one  minute  of  continuous  sieving.  The  fineness  shall 
be  determined  from  the  weight  of  the  residue  on  the  sieve  expressed  as  a 
percentage  of  the  weight  of  the  original  sample. 

35.  Mechanical  sieving  devices  may  be  used,  but  the  cement  shall  not  be 
rejected  if  it  meets  the  fineness  requirement  when  tested  by  the  hand  method 
described  in  Section  34. 

X.  MIXING  CEMENT  PASTES  AND  MORTARS 

36.  Method.- — The  quantity  of  dry  material  to  be  mixed  at  one  time 
shall  not  exceed  1,000  g.  nor  be  less  than  500  g.  The  proportions  of  cement 
or  cement  and  sand  shall  be  stated  by  weight  in  grams  of  the  dry  materials; 
the  quantity  of  water  shall  be  expressed  in  cubic  centimeters  (1  cc.  of  water 
=  1  g.).  The  dry  materials  shall  be  weighed,  placed  upon  a  non-absorbent 
surface,  thoroughly  mixed  dry  if  sand  is  used,  and  a  crater  formed  in  the 
center,  into  which  the  proper  percentage  of  clean  water  shall  be  poured; 
the  material  on  the  outer  edge  shall  be  turned  into  the  crater  by  the  aid 
of  a  trowel.  After  an  interval  of  min.  for  the  absorption  of  the  water 
the  operation  shall  be  completed  by  continuous,  vigorous  mixing,  squeezing 
and  kneading  with  the  hands  for  at  least  one  minute.1  During  the  operation 
of  mixing  the  hands  should  be  protected  by  rubber  gloves. 

37.  The  temperature  of  the  room  and  the  mixing  water  shall  be  main- 
tained as  nearly  as  practicable  at  21°  C.  (70°  F.). 

XI.  NORMAL  CONSISTENCY 

38.  Apparatus. — The  Vicat  apparatus  consists  of  a  frame  A  bearing  a 
movable  rod  B,  weighing  300  g.,  one  end  C  being  1  cm.  in  diameter  for  a 
distance  of  6  cm.,  the  other  having  a  removable  needle  D,  1  mm.  in  diameter, 
6  cm.  long.  The  rod  is  reversible,  and  can  be  held  in  any  desired  position 
by  a  screw  E,  and  has  midway  between  the  ends  a  mark  F  which  moves 
under  a  scale  (graduated  to  millimeters)  attached  to  the  frame  A.  The 
paste  is  held  in  a  conical,  hard-rubber  ring  G,  7  cm.  in  diameter  at  the  base, 
4  em.  high,  resting  on  a  glass  plate  H  about  10  cm.  square. 

39.  Method. — In  making  the  determination,  500  g.  of  cement,  with  a 
measured  quantity  of  water,  shall  be  kneaded  into  a  paste,  as  described  in 
Section  36,  and  quickly  formed  into  a  ball  with  the  hands,  completing 
the  operation  by  tossing  it  six  times  from  one  hand  to  the  other,  main- 
tained about  6  in.  apart;  the  ball  resting  in  the  palm  of  one  hand  shall  be 
pressed  into  the  larger  end  of  the  rubber  ring  held  in  the  other  hand,  com- 
pletely filling  the  ring  with  paste;  the  excess  at  the  larger  end  shall  then  be 
removed  by  a  single  movement  of  the  palm  of  the  hand;  the  ring  shall  then 
be  placed  on  its  larger  end  on  a  glass  plate  and  the  excess  paste  at  the  smaller 
end  sliced  off  at  the  top  of  the  ring  by  a  single  oblique  stroke  of  a  trowel 
held  at  a  slight  angle  with  the  top  of  the  ring.    During  these  operations 

1  In  order  to  secure  uniformity  in  the  results  of  tests  for  the  time  of  setting  and  tensile 
strength  the  manner  of  mixing  above  described  should  be  carefully  followed.  At  least  one 
minute  is  necessary  to  obtain  the  desired  plasticity  which  is  not  appreciably  affected  by 
continuing  the  mixing  for  several  minutes.  The  exact  time  necessary  is  dependent  upon 
the  personal  equation  of  the  operator.  The  error  in  mixing  should  be  on  the  side  of  over 
mixing. 
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care  shall  be  taken  not  to  compress  the  paste.  The  paste  confined  in  the 
ring,  resting  on  the  plate,  shall  be  placed  under  the  rod,  the  larger  end  of 
which  shall  be  brought  in  contact  with  the  surface  of  the  paste;  the  scale 
shall  be  then  read,  and  the  rod  quickly  released.  The  paste  shall  be  of 
normal  consistency  when  the  rod  settles  to  a  point  10  mm.  below  the  original 
surface  in  ^  rnin.  after  being  released.  The  apparatus  shall  be  free  from 
all  vibrations  during  the  test.  Trial  pastes  shall  be  made  with  varying 
percentages  of  water  until  the  normal  consistency  is  obtained.  The  amount 
of  water  required  shall  be  expressed  in  percentage  by  weight  of  the  dry  cement. 

40.  The  consistency  of  standard  mortar  shall  depend  on  the  amount  of 
water  required  to  produce  a  paste  of  normal  consistency  from  the  same 
sample  of  cement.  Having  determined  the  normal  consistency  of  the 
sample,  the  consistency  of  standard  mortar  made  from  the  same  sample  shall 
be  as  indicated  in  Table  I,  the  values  being  in  percentage  of  the  combined 
dry  weights  of  the  cement  and  standard  sand. 


Table  I. — Percentage  of  Water  for  Standard  Mortars 


Percentage  of 

Percentage  of 

Percentage  of 

Percentage  of 

water  for  neat 

water  for  one 

water  for  neat 

water  for  one 

cement  paste  of 

cement,  three 

cement  paste  of 

cement,  three 

normal 

standard  Ottawa 

normal 

standard  Ottawa 

consistency 

sand 

consistency 

sand 

15 

9.0 

23 

10.3 

16 

9.2 

24 

10.5 

17 

9.3 

25 

10.7 

18 

9.5 

26 

10.8 

19 

9.7 

27 

11.0 

20 

9.8 

28 

11.2 

21 

10.0 

29 

11.3 

22 

10.2 

30 

11.5 

XII.  DETERMINATION    OF  SOUNDNESS1 

41.  Apparatus. — A  steam  apparatus,  which  can  be  maintained  at  a  tem- 
perature between  98  and  100°  C.  (a  number  of  such  being  available),  is 
recommended.  The  capacity  of  this  apparatus  may  be  increased  by  using 
a  rack  for  holding  the  pats  in  a  vertical  or  inclined  position. 

42.  Method. — A  pat  from  cement  paste  of  normal  consistency  about 
3  in.  in  diameter,  %,  hi.  thick  at  the  center,  and  tapering  to  a  thin  edge, 
shall  be  made  on  clean  glass  plates  about  4  in.  square,  and  stored  in  moist 
air  for  24  hours.  In  molding  the  pat,  the  cement  paste  shall  first  be  flat- 
tened on  the  glass  and  the  pat  then  formed  by  drawing  the  trowel  from  the 
outer  edge  toward  the  center. 

1  Unsoundness  is  usually  manifested  by  change  in  volume  which  causes  distortion, 
cracking,  checking  or  disintegration. 

Pats  improperly  made  or  exposed  to  drying  may  develop  what  are  known  as  shrinkage 
cracks  within  the  first  24  hours  and  are  not  an  indication  of  unsoundness. 

The  failure  of  the  pats  to  remain  on  the  glass  or  the  cracking  of  the  glass  to  which  the 
pats  are  attached  does  not  necessarily  indicate  unsoundness. 
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43.  The  pat  shall  then  be  placed  in  an  atmosphere  of  steam  at  a  tempera- 
ture between  98  and  100°  C.  upon  a  suitable  support  1  in.  above  boiling 
water  for  5  hours. 

44.  Should  the  pat  leave  the  plate,  distortion  may  be  detected  best  with  a 
straight  edge  applied  to  the  surface  which  was  in  contact  with  the  plate. 

XIII.  DETERMINATION  OF  TIME  OF  SETTING 

45.  The  following  are  alternate  methods,  either  of  which  may  be  used 
as  ordered: 

46.  Vicat  Apparatus. — The  time  of  setting  shall  be  determined  with  the 
Vicat  apparatus  described  in  Section  38. 

47.  Vicat  Method. — A  paste  of  normal  consistency  shall  be  molded  in  the 
hard-rubber  ring  G  as  described  in  Section  39,  and  placed  under  the  rod 
B,  the  smaller  end  of  which  shall  then  be  carefully  brought  in  contact 
with  the  surface  of  the  paste,  and  the  rod  quickly  released.  The  initial 
set  shall  be  said  to  have  occurred  when  the  needle  ceases  to  pass  a  point  5 
mm.  above  the  glass  plate  in  %  min.  after  being  released;  and  the  final 
set,  when  the  needle  does  not  sink  visibly  into  the  paste.  The  test  pieces 
shall  be  kept  in  moist  air  during  the  test.  This  may  be  accomplished  by 
placing  them  on  a  rack  over  water  contained  in  a  pan  and  covered  by  a  damp 
cloth,  kept  from  contact  with  them  by  means  of  a  wire  screen;  or  they 
may  be  stored  in  a  moist  closet.  Care  shall  be  taken  to  keep  the  needle 
clean,  as  the  collection  of  cement  on  the  sides  of  the  needle  retards  the 
penetration,  while  cement  on  the  point  may  increase  the  penetration.  The 
time  of  setting  is  affected  not  only  by  the  percentage  and  temperatures 
of  the  water  used  and  the  amount  of  kneading  the  paste  receives,  but  by 
the  temperature  and  humidity  of  the  air,  and  its  determination  is  therefore 
only  approximate. 

48.  Gillmore  Needles. — The  time  of  setting  shall  be  determined  by  the 
Gillmore  needles.    The  Gillmore  needles  should  preferably  be  mounted. 

49.  Gillmore  Method. — The  time  of  setting  shall  be  determined  as  follows : 
A  pat  of  neat  cement  paste  about  3  in.  in  diameter  and  %  in.  in  thickness 
with  a  flat  top,  mixed  to  a  normal  consistency,  shall  be  kept  in  moist  air  at  a 
temperature  maintained  as  nearly  as  practicable  at  21°  C.  (70°  F.).  The 
cement  shall  be  considered  to  have  acquired  its  initial  set  when  the  pat  will 
bear,  without  appreciable  indentation,  the  Gillmore  needle  H2  in-  m  diame- 
ter, loaded  to  weigh  }i  lb.  The  final  set  has  been  acquired  when  the  pat 
will  bear  without  appreciable  indentation,  the  Gillmore  needle  ^4  in.  in 
diameter,  loaded  to  weigh  1  lb.  In  making  the  test,  the  needles  shall  be 
held  in  a  vertical  position  and  applied  lightly  to  the  surface  of  the  pat. 

XIV.  TENSION  TESTS 

50.  Form  of  Test  Piece. — The  standard  form  of  test  piece  shall  be  used. 
The  molds  shall  be  made  of  non-corroding  metal  and  have  sufficient  material 
in  the  sides  to  prevent  spreading  during  molding.  Gang  molds  when 
used  shall  be  of  the  approved  type.  Molds  shall  be  wiped  with  an  oily 
cloth  before  using. 

51.  Standard  Sand. — The  sand  to  be  used  shall  be  natural  sand  from 
Ottawa,  111.,  screened  to  pass  a  No.  20  sieve  and  retained  on  a  No.  30  sieve. 
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This  sand  may  be  obtained  from  the  Ottawa  Silica  Co.,  at  a  cost  of  three 
cents  per  pound,  f .  o.  b.  cars,  Ottawa,  111. 

52.  This  sand,  having  passed  the  No.  20  sieve,  shall  be  considered  standard 
when  not  more  than  5  g.  pass  the  No.  30  sieve  after  one  minute  continuous 
sieving  of  a  500-g.  sample. 

53.  The  sieves  shall  conform  to  the  following  specifications: 

The  No.  20  sieve  shall  have  between  19.5  and  20.5  wires  per  whole  inch 
of  the  warp  wires  and  between  19  and  21  wires  per  whole  inch  of  the  shoot 
wires.  The  diameter  of  the  wire  should  be  0.0165  in.  and  the  average 
diameter  shall  not  be  outside  the  limits  of  0.0160  and  0.0170  in. 

The  No.  30  sieve  shall  have  between  29.5  and  30.5  wires  per  whole  inch 
of  the  warp  wires  and  between  28.5  and  31.5  wires  per  whole  inch  of  the 
shoot  wires.  The  diameter  of  the  wire  should  be  0.0110  in.  and  the  average 
diameter  shall  not  be  outside  the  limits  0.0105  to  0.0115  in. 

54.  Molding. — Immediately  after  mixing,  the  standard  mortar  shall  be 
placed  in  the  molds,  pressed  in  firmly  with  the  thumbs  and  smoothed  off 
with  a  trowel  without  ramming.  Additional  mortar  shall  be  heaped  above 
the  mold  and  smoothed  off  with  a  trowel;  the  trowel  shall  be  drawn  over  the 
mold  in  such  a  manner  as  to  exert  a  moderate  pressure  on  the  material. 
The  mold  shall  then  be  turned  over  and  the  operation  of  heaping,  thumb- 
ing and  smoothing  off  repeated. 

55.  Testing. — Tests  shall  be  made  with  any  standard  machine.  The 
briquettes  shall  be  tested  as  soon  as  they  are  removed  from  the  water.  The 
bearing  surfaces  of  the  clips  and  briquettes  shall  be  free  from  grains  of  sand 
or  dirt.  The  briquettes  shall  be  carefully  centered  and  the  load  applied 
continuously  at  the  rate  of  600  lb.  per  minute. 

66.  Testing  machines  should  be  frequently  calibrated  in  order  to  deter- 
mine their  accuracy. 

57.  Faulty  Briquettes. — Briquettes  that  are  manifestly  faulty,  or  which 
give  strengths  differing  more  than  15  per  cent  from  the  average  value  of 
all  test  pieces  made  from  the  same  sample  and  broken  at  the  same  period, 
shall  not  be  considered  in  determining  the  tensile  strength. 

XV.  STORAGE  OF  TEST  PIECES 

58.  Apparatus. — The  moist  closet  may  consist  of  a  soapstone,  slate  or 
concrete  box,  or  a  wooden  box  lined  with  metal.  If  a  wooden  box  is  used, 
the  interior  should  be  covered  with  felt  or  broad  wicking  kept  wet.  The 
bottom  of  the  moist  closet  should  be  covered  with  water.  The  interior  of 
the  closet  should  be  provided  with  non-absorbent  shelves  on  which  to  place 
the  test  pieces,  the  shelves  being  so  arranged  that  they  may  be  withdrawn 
readily. 

59.  Methods. — Unless  otherwise  specified  all  test  pieces,  immediately 
after  molding,  shall  be  placed  in  the  moist  closet  for  from  20  to  24  hours. 

60.  The  briquettes  shall  be  kept  in  molds  on  glass  plates  in  the  moist 
closet  for  at  least  20  hours.  After  24  hours  in  moist  air  the  briquettes  shall 
be  immersed  in  clean  water  in  storage  tanks  of  non-corroding  material. 

61.  The  air  and  water  shall  be  maintained  as  nearly  as  practicable  at  a 
temperature  of  21°  C.  (70°  F.). 
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SPECIFICATIONS  FOR  STONE  MASONRY 

STONE 

All  stone  used  for  the  different  classes  of  masonry  shall  be  sound  and 
durable,  subject  to  the  approval  of  the  Engineer,  and  the  several  classes  of 
masonry  will  be  of  the  following  description1 

FIRST  CLASS  MASONRY 

Will  consist  of  pitch-faced  ashlar  laid  in  horizontal  courses  having  parallel 
beds  and  vertical  joints  of  not  less  than  ten  (10)  inches  nor  more  than 
thirty  (30)  inches  in  thickness — decreasing  in  thickness  regularly  from  the 
bottom  to  the  top  of  the  wall — laid  flush  in  cement  mortar  of  the  quality 
hereinafter  specified.  Each  course  must  be  thoroughly  grouted  before  the 
succeeding  one  is  laid. 

Size  of  Stones. — Stretchers  must  not  be  less  than  two  and  one-half  feet 
(2)4)  nor  more  than  six  (6)  feet  in  length,  and  not  less  than  one  and  one- 
half  (1%)  feet  in  width,  nor  less  in  width  than  one  and  one-half  (1J<0  times 
their  depth.  Headers  must  not  be  less  than  three  and  one-half  (3%)  feet 
nor  more  than  four  and  one-half  (4>£)  feet  in  length — where  the  thickness 
of  the  wall  will  admit  of  the  same — and  not  less  than  one  and  one-half  (1%) 
in  width,  nor  less  in  width  than  they  are  in  depth  of  course. 

Cutting. — Every  stone  must  be  laid  on  its  natural  bed.  All  stones  must 
have  their  beds  well  dressed,  parallel  and  true  to  the  proper  line,  and  made 
always  as  large  as  the  stone  will  admit  of.  The  beds  and  the  size  of  the 
stones  must  be  cut  before  being  placed  on  the  work,  so  as  to  form  joints  not 
exceeding  one-half  (Y2)  inch  in  width.  No  hammering  will  be  allowed  on  a 
stone  after  it  is  set;  but  if  any  inequalities  occur,  they  must  be  pointed  off. 
The  vertical  joints  of  the  face  must  not  be  less  than  eight  (8)  inches,  in 
from  the  face,  and  as  much  more  as  the  stone  will  admit  of.  All  corners 
and  batter  lines  must  be  run  with  a  neat  chisel  draft  one  and  one-half  (1^) 
inches  on  each  face.  The  projections  of  the  quarry  face  beyond  the  draft 
lines  must  not  exceed  four  (4)  inches. 

Bond. — The  masonry  shall  consist  of  headers  and  stretchers  alternating. 
At  least  one-fourth  of  it  shall  consist  of  headers  making  a  bond  of  nine 
inches  with  the  headers  from  the  opposite  side  of  the  wall,  and  every  header 
shall  be  immediately  over  a  stretcher  of  the  underlying  course.  The  stones 
of  each  course  shall  be  so  arranged  as  to  form  a  proper  bond — in  no  case  less 
than  one  foot  (1  ft.) — with  the  stones  of  the  underlying  course. 

Backing. — The  backing  shall  be  of  good-sized,  well-shaped  stones,  laid  so 
as  to  break  joints  and  thoroughly  bond  the  work  in  all  directions,  and  leave 
no  space  between  them  over  six  (6)  inches  in  width,  which  spaces  shall  be 
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filled  with  small  stones  and  spalls  carefully  driven  home  in  a  bed  of  stiff 
cement  mortar. 

Coping. — All  bridge  seats  and  tops  of  walls  will  be  finished  with  a  coping 
course  of  not  less  than  10  inches  in  thickness,  with  6-inch  projection,  dressed 
and  cut  to  a  true  surface  on  top  and  front  edges,  in  conformity  with  the 
diagrams  for  same  which  will  be  furnished  by  the  Engineer. 

Foundation  Course. — All  foundation  courses  must  be  laid  with  selected 
large  flat  stones,  not  less  than  twelve  (12)  inches  thick,  nor  of  less  superficial 
surface  than  fifteen  (15)  square  feet. 

SECOND  CLASS  MASONRY 

Will  consist  of  broken  range  rubble  of  superior  quality,  laid  with  horizontal 
beds  and  vertical  joints  on  the  face,  with  no  stone  less  than  eight  (8)  inches 
in  thickness — unless  otherwise  directed  by  the  Engineer, — well  bonded  and 
leveled  as  can  be  without  hammer-dressing.  No  mortar  joint  shall  exceed 
three-quarters  (%)  of  an  inch  in  thickness.  All  corners  and  quoins  shall 
have  hammer-dressed  beds  and  joints;  and  all  corners  and  batter  lines  shall 
be  run  with  one-and-one-half  (1)4)  inch  chisel  draft.  At  least  one-fourth 
(34)  of  the  stones  in  the  face  must  be  headers  evenly  distributed  through  the 
wall. 

Bridge  seats  and  tops  of  walls  shall  be  coped  in  the  same  manner  as 
specified  in  first-class  masonry.  Stones  in  foundation  courses  shall  not  be 
less  than  twelve  (12)  inches  thick,  and  shall  contain  not  less  than  twelve 
(12)  square  feet  of  surface. 

THIRD  CLASS  MASONRY 

Will  consist  of  good  substantial  rubble  laid  in  cement  mortar.  All  stones 
shall  be  perfectly  sound,  and  sufficiently  large  to  make  good,  well-bonded, 
strong  work;  and  shall  be  laid  on  their  natural  beds,  in  the  most  substantial 
manner,  and  with  as  much  neatness  as  this  description  of  work  admits  of. 
The  stones  in  the  foundation  must  not  be  less  than  ten  (10)  inches  thick, 
and  shall  not  contain  less  than  ten  (10)  square  feet  of  surface;  and  each 
shall  be  firmly,  solidly,  and  carefully  laid. 

FIRST  CLASS  ARCH-CULVERT  MASONRY 

Shall  be  built  in  accordance  with  the  specifications  for  first-class  masonry, 
with  the  exceptions  of  arch-sheeting  and  the  ring  stones.  The  rings  shall 
be  dressed  to  such  size  and  shape  as  the  engineer  shall  direct.  The  ring- 
stones  and  sheeting-stones  shall  not  be  of  less  thickness  than  ten  (10)  inches 
on  the  intrados,  and  shall  be  dressed  with  one  half  inch  joints,  and  shall  be 
of  the  full  depth  specified  (by  drawings  or  otherwise)  for  the  thickness  of  the 
arch.  The  joints  must  be  made  on  truly  radial  lines,  and  the  face  of  the 
sheeting-stones  must  be  dressed  to  make  close  joints  with  the  center. 
The  ring-stone  and  sheeting-stones  shall  break  joints  of  not  less  than  one  (1) 
foot.  The  extrados  of  the  arch  to  be  covered  with  a  concrete  course  of 
cement  mortar  not  less  than  one  inch  in  thickness. 

The  wing  walls  shall  be  neatly  stepped,  in  accordance  with  the  drawings 
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furnished,  with  selected  stones  of  the  full  width  of  the  wing  and  of  not  less 
than  ten  (10)  inches  in  thickness,  no  stone  being  covered  less  than  eighteen 
(18)  inches  by  the  next  above  it.  The  parapet  shall  be  finished  with  a 
coping  course  of  full  width  of  parapet,  with  such  projection  as  may  be  directed 
by  the  Engineer,  the  stone  to  be  not  less  than  ten  (10)  inches  thick. 

SECOND  CLASS  ARCH-CULVERT  MASONRY 

Shall  be  of  the  same  general  character  and  description  as  second-class 
masonry,  with  the  exception  of  the  ring-stone  and  the  arch-sheeting.  The 
former  shall  be  of  well  selected  stone,  dressed  to  the  radius  of  the  arch,  the 
end  to  be  dressed  as  in  first-class  arch  masonry.  The  latter  shall  consist  of 
selected  stones  for  the  full  depth  of  the  arch,  and  shall  have  a  good  bearing 
throughout  the  thickness  of  the  arch,  and  shall  be  well-bonded.  No  stone 
shall  be  less  than  six  (6)  inches  in  thickness  on  the  intrados.  The  extrados 
covered  with  cement  same  as  in  first  class  arch  masonry. 

MORTAR 

The  mortar  used  in  construction  of  masonry  shall  be  composed  of  one 
part  portland  cement  and  three  parts  clean  coarse  well  graded  sand.  The 
mortar  shall  be  mixed  either  by  hand  or  by  machine  to  a  plastic  consistency, 
the  ingredients  being  thoroughly  incorporated  in  the  mixing.  The  mortar 
shall  be  used  immediately  after  mixing  and  any  not  used  within  two  hours 
after  mixing  shall  be  wasted. 
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A 

Abrasion  of  concrete,  100 
Absorption  of  stones,  27 
Abutments,  cellular,  292 

cost  of,  299 

for  arches,  190 

functions  of,  284 

highway  bridge,  300 

mass,  288 

parts  of,  284 

reinforced  concrete,  290 

skew,  298 

stability  of,  285 

treatment  architecturally,  197 

trestle,  294 

types,  285 
Adequacy  of  design,  11 
Adobe,  defined,  433 
Aesthetics  of  design,  18 
Age  effect  on  concrete,  96 
Aggregate,  coarse,  materials  for,  57 

fine,  66 
Air  lock,  511 
Air  pressure,  533 
Alkali,  effect  on  concrete,  104 
Amalfi  Drive  bridge,  9 
Angle,  re-entrant  on  forms,  418 
Arch  analysis,  elastic  theory,  149 
graphical,  162 
influence  lines,  164 
various  theories,  187 
bridges,  aesthetic  treatment, 
193 

Arroyo  Seco,  194 
loads  on,  142,  146,  325 
Arch,  centers  for,  425 
corbel,  2 

development  of,  6 
form  of,  192 

inverted  in  foundation,  454 
masonry,  138 
method  of  design,  139 


Arch,  nature  of,  139 
terms  defined,  138 
three  hinged  for  centers,  429 
unsymmetrical,  158 
with  elastic  piers,  184 
Arch  ring,  divisions,  156 
equations  for,  142 
form  of,  140 

order  of  construction,  190 

thickness  of,  143 
Ashlar,  defined,  34 
Aspdin,  Joseph  takes  patent,  5 
Assignment,  method  of  proportion- 
ing, 80 

Atchafalaya  bridge,  490,  496 
B 

Backing,  stone  masonry,  544 

Baker,  I.  O.,  Treatise  on  Masonry 
Construction,  187 

Balustrade,  198 

Batter,  limit  of  in  forms,  297 

Beams,  continuous,  119 
details  of,  126 
forms  for,  414 
reinforced  concrete,  110 
reinforced  for  compression,  118 
subject  to  flexure  and  compres- 
sion, 119 

Bearing  blocks,  38 

"Bends,"  529 

Bent,  reinforced  concrete,  338 
Bin,  cluster,  379 

construction  of,  371 

forces  acting  on,  372 

foundation,  386 

pressures  in,  374,  378 

sand,  390 

stresses  in,  382 
Bituminous  membrane,  105 
Blocks,  building,  51 

inclined,  2 
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Blows  in  coffer-dam,  485 
Bond,  denned,  44 

of  brickwork,  44 

stone  masonry,  544 

stress  in  beams,  115 
Bonding  concrete,  102 
Borings  in  soil,  441 
Box  caissons,  490 
Brard's  test,  27 
Breakwater,  defined,  205 

design  of,  246 
Breast  wall,  defined,  249 
Breuchaud  process,  476 
Brick,  building,  42 

columns,  47,  49 

masonry,  laying,  44 
safe  bearing,  47 
strength  of,  46 
tension  in,  50 
Bricks,  kinds  of,  41 
Bridge  seat,  295 
Bridges,  loads  on,  325 

types  of  concrete,  324 
Brighton  viaduct,  189 
Building  stones,  properties  of,  30 
Bunker  Hill  Monument,  14 
Buoyancy  on  dams,  209 

on  forms,  409 
Buttressed  walls,  49 

C 

Caisson,  aligning,  518 
box,  490 
cylinder,  488 
depth  of,  522 
disease,  cause  of,  531 

symptoms,  529 

treatment,  531 
drop,  500 
flotation,  513 
gases  in,  536 
guiding,  520 
launching,  513 
open,  486 
pneumatic,  494 
reinforced  concrete,  491 
sealing,  523 
sinking,  519 


Caisson,  stationary,  498 

under  buildings,  524 

walls,  504 

work  in,  532 
Caligula,  palace  of,  9 
Cantilever    bridges    of  reinforced 

concrete,  341 
Carborundum  for  finishing  concrete 

surfaces,  104 
Cement  blocks,  52 
Cement,  chemical  properties,  537 

composition  of,  59 

definition,  537 

gun,  94 

gypsum,  23 

historical  development,  5 
packages,  538 
proportion  in  concrete,  78 
rejection  of,  538 
Roman,  4 
Rosendale,  5 
setting  of,  60 
slag,  62 

specifications,  537 

standard  tests,  61,  538 

storage,  63,  538 
Cement-space  ratio,  77 
Centers,  arch,  426 

conduit,  418 

lowering,  430 

requisites  for,  427 
Centrifugal  force  on  piers,  305 
Chemical  changes  in  soil,  440 
Chimneys,  architectural  treatment, 
406 

brick,  395 

function  of,  392 

forces  acting  on,  393 

reinforced  concrete,  397 

temperature  in,  394 

wind  stresses  in,  398 
"Chokes,"  caisson  disease,  529 
Cleaning  masonry  structures,  14 
Clean-out  hole  in  forms,  413 
Cleopatra's  Needle,  26 
Cloaca  maxima,  9 
Coarse  aggregate,  72 
Cochrane,  V.  H.,  arch  formula,  144 
Cocked  hat,  on  pier,  197,  310 
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Coefficient  of  resistance,  134 
Coffer-dam,  cellular,  482 

crib,  486,  510 

definition  of,  478 

design  of,  483 

mode  of  failure,  485 
Cohesion,  coefficient  of,  261 

effect  of,  260 

lack  of,  438 
Coignet,  Francois,  5 
Color  of  brick,  43 

of  stone,  31 

for  stucco,  55 
Colorimetric  test  for  sand,  71 
Columbia  river  bridge,  496 
Column  footings,  447 

forms,  413 
Columns,  brick,  47,  49 

reinforced  concrete,  121 

stone,  40 
Compacted  soil  foundations,  454 
Compressed  air,  528 
Compromise  wall,  279 
Concrete,  consistency  of,  88 

curing  after  deposition,  91 

definition,  57 

effect  of  age,  96 

elastic  properties,  96 

factors  controlling,  58 

finish  of,  103 

flow  under  stress,  98 

general  principles  of  proportion- 
ing,  74,  76 

modulus  of  elasticity,  98 

nature  of,  57 

strength  of,  97 
Concrete,  reinforced,  see  reinforced 

concrete. 
Conduit  forms,  418 

sections,  367 
Conduits,  stresses  in,  361 
Continuous  beams,  119 
Contraction  of  concrete,  100 

of  stone,  28 
Contraction  joints,  266 

in  dams,  226 

in  retaining  walls,  226 
Coping,  retaining  wall,  depth  of,  280 

on  stone  masonry,  545 


Corbeling  action,  47 
Core  drilling,  442 

Cotton  seed,  pressures  exerted  by, 
379 

Coulomb's  theory,  253 
Counterfort  retaining  wall,  270 
Crib  for  dams,  238 

on  caisson,  509 
Cromlech,  early  forms,  2 
Crown,  deflection  of,  155 

thickness  of,  143 
Crude  oil,  coating  for  forms,  413 
Culverts,  area  waterway,  349 

examples,  367 

loads  on,  354 

stresses  in,  356,  365 
Cupping  soil  for  foundation,  455 
Curing  concrete,  91 
Curved  beams,  theory,  147 
Cut-off  wall,  212 
Cutting  edge  of  caisson,  503 
Cutwater  on  piers,  310 

D 

Dado  of  balustrade,  198 

Damages  to  abutting  property,  16 

Dam,  arch,  228,  230 

architectural  treatment,  243 

cost  of,  241 

crib  type,  238 

development  of  design,  205 

earth  fill  and  corewall,  238 

forces  acting  on,  206 

foundations,  238 

gravity  type,  220 

multiple  arch,  231 

overflow  type,  207 

quality  of  masonry,  218 

rock  fill,  237 

single  arch,  227 

site,  exploration  and  requisites, 
240 

stability  of,  217 
stresses  in,  223 
Deck  girders,  reinforced  concrete, 
328 

Definitions,  brick  masonry,  41 
stone  masonry,  35 
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Density,  relation  to  strength,  77 
Depositing    concrete,  special 

methods,  92 

under  water,  92 
Design,  effect  of  construction 

methods  on,  189 
elements  of,  10,  19 
Diagonal  tension,  in  beams,  113 

in  slabs,  132 
Dimension  stone,  33 
Diving  bell,  diving  suit,  495 
Diver's  palsy,  Caisson  disease,  529 
Dock  walls,  275 

Dolmen,  early  masonry  structure,  1 
Drop  caisson,  design,  500 
Dropped  panel,  129 
Durability  of  stones,  26 

E 

Earth  formations,  431 

pressure,  distribution,  352 
properties  of,  262 
supporting  capacity,  433 

Earthquake  shocks,  stresses  due  to, 
401 

Economy  of  construction,  16 

of  design,  15 
Eddystone  lighthouse,  4 
Efflorescence  on  masonry,  50 
Elastic  piers  under  arches,  184 

theory  of  arches,  5,  147 
Eleanor,  lake,  dam,  235 
Ellipse,  method  of  plotting,  83 
Embankment,  tail  of,  297 
Enforced  percolation,  239 
Engineering  news  pile  formula,  470 
Enrockment  under  caissons,  490 
Erosion,  cause  of  failure,  439 
Etruscan  masonry,  4 
Expansion     and     contraction  of 

concrete,  100 
Expansion  of  dams,  225 

of  stone,  coefficient,  28 

F 

Final  set  of  cement,  61,  542 
Fine  aggregate,  66 


Fineness  modulus,  proportioning  by, 
84 

Finish  of  concrete  surfaces,  103 

of  stone  surfaces,  33 

of  stucco,  55 
Fire-proofing  with  concrete,  106 
Flat  slabs,  formulas,  129 
Float  finish,  104 
Floating  foundations,  434 
Flotation  of  caisson,  513 
Flowing  of  soils,  438 
Fog  nozzle,  use  of,  53 
Footings,  column,  447 

spread,  445 

wall,  446 
Forms,  beam,  414 

column,  413 

conduit,  418 

cost  of,  423 

design  of,  425 

examples  of,  413 

groined  arch,  430 

movable,  419 

removal  of,  430 

retaining  wall,  418 

sewer,  418 

steel,  414 

stresses  in,  408 

wall,  416 

wetting  down,  412 
Foundations,  Chicago  method,  456 
dam,  238 
definition  of,  431 
dry  ground,  431 
failures  of,  440 
floating,  451 
grain  bin,  386 
inverted  arch,  454 
limiting  depths,  478 
loads  on,  457 
mat  for,  452 
open  well,  456 
pile,  459 

pneumatic,  cost  of,  526 

settlement  of,  434 

subaqueous,  cost  of,  492 

types  of,  444,  477 
Fragmental  materials,  252 
Framing  forms,  424 
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Fraser  river  bridge,  488 

Freezing,  effect  on  concrete,  94,  95 

process  in  foundations,  492 
French  law  on  compressed  air  work, 
534 

Friction  angle,  257 

coefficients  of,  218,  376 

skin,  521 
Frost  action  on  stone,  27 
Ft.  William  bridge,  489 
Fuller's  rule  for  quantities,  91 

G 

Glacial  deposits,  nature  of,  433 
Gradation  of  aggregate,  73 
Grain  elevator,  foundation  failure, 
451 

friction  in,  376 
Granolithic  finish,  103 
Granular  materials  defined,  251 

pressures  in,  253 
Grillage  foundations,  449 
Groin,  shore  protection,  247 
Groined  arches,  design  of,  199 
data  on,  202 
forms  for,  430 
Grouting,  cut-off  wall,  239 

process,  492 
Gumbo,  defined,  433 
Gypsum  cement,  23 

H 

Haldane,  Dr.  J.  S.,  on  caisson  disease, 
532 

Harahan  bridge,  foundations,  502 

Hardpan  defined,  433 

Haunch,  thickness  of,  144 

Hinge  for  arch,  345 

Hodges,  lake,  dam,  233 

Hollow  blocks,  51 

Honey  comb  concrete,  103 

Hopple  St.  viaduct,  343 

Hydrated  lime,  effect  on  mortar,  24 

Hydraulic  cement,  (see  cement),  58 

I 

Ice  pressure,  213 
Impact  formulas  for  bridges,  327 
on  caissons,  508 


Impact  formulas  on  foundations,  459 
Imperviousness  of  dams,  219 
Influence  diagrams  for  arches,  164, 
171 

Initial  set  of  cement,  61,  537 
Integral  water-proofing,  105 
Intrusive  water,  pressure  from,  209 

J 

Jack  arch,  48 

Jacks  for  sliding  forms,  422 
Janssen's  theory,  375 
Jetty,  sea  wall,  246 
Joint,  brick  masonry,  44 

committee  on  concrete,  109 

contraction,  226,  266 

construction,  189 

K 

Kankakee  arch,  199 
Kensico  dam,  243 
Keokuk  dam,  210 

Ketchum,  M.  S.,  "Walls  Bins  and 
Grain   Elevators,"  253 

L 

Labor,  handling  of,  17 
Laitance,  nature  of,  92 
Lamp  posts,  for  bridges,  198 
Launchways  for  caisson,  513,  516 
Leads  for  pile  driver,  462 
Legal  requirements  affecting  design, 
18 

Lime,  chemistry  of,  23 
magnesian,  23 

Vitruvius' explanation  of  action, 
3 

Limnoria,  wood  borer,  461 

Loads  on  bridges,  325 
on  foundations,  457 
on  masonry  arches,  146 

Loam,  defined,  432 

Loess,  defined,  433 

Line  of  creep  theory,  211 

Linear  arch,  141 

Lintel,  masonry  supported  by,  48 
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Loaded  fill,  263 

Lynn  storage  warehouse,  124 

M 

Maidstone,  ruins  at,  2 
"Maine,"  Battleship  raised,  483 
Maintenance     of    masonry  struc- 
tures, 14 
Manhattan  bridge  caisson,  507 
Masonry,  brick,  44 

classification,  34 

definitions,  34 

manner  of  laying,  35 

stone,  22 

stone  and  concrete  compared,  22 

strength  of,  37 

structures  defined,  1 

historical  development,  2 
Mat,  foundation,  387,  452 

under  caisson,  518 
Materials,  handling  of,  17 
Maximum  density  curve,  82 

stresses  in  an  arch,  156 
Mcintosh,  R.  P.,  on  arch  dams,  232 
Mechanical  analysis,  82 
Membrane,  water  proofing,  389 
Mica,  effect  on  mortar,  68 
Mixers,  concrete,  89 
Mixing  concrete,  89 
Modulus  of  rupture  of  brick  mas- 
onry, 49 

Moir  recompression  chamber,  535 
Mole,  or  jetty,  246 
Monessen  viaduct,  188 
Moran,  D.  E.  foundation  formula, 
459 

Mortar,  amount  required,  37 

for 'stone  masonry,  22 

lime,  early  use,  3 

specifications,  546 

strength  of,  24 

test  for  fine  aggregate,  70 
Movable  forms,  419 
Municipal  building,  New  York,  524 

N 

Nappe  free  weirs,  208 
Navigable  streams,  piers,  in,  322 


Needlebeams,  474 

New  York  law  on  compressed  air 
work,  533 

O 

Obelisk  in  Central  Park,  14 

Omaha  bridge,  490 

Open  caissons,  description,  486 

design  of,  488 
Open  well  foundations,  456 
Orders  of  architecture,  2 
Organic  matter  in  sand,  69 

in  soils,  437 
Ornamentation  in  design,  21 
Overdriving  piles,  466 
Overflow  dams,  236 

P 

Parapet  for  arches,  197 
Parliament,  houses  of,  14,  26 
Peat  soils,  433 
Pedestal  piles,  469 
Permanence  of  masonry,  12 
Petroline,  coasting  for  forms,  413 
Piers,  architectural  treatment,  314 

arch,  190,  197 

dimensions  of,  310 

forces  acting  on,  300 

foundations,  456 

hollow,  311 

movable  bridge,  313 

stability  of,  305 

surveys  for,  319 

trestle,  314 

waterway  requirement,  306 
Pillars,  stone,  40 
Pile  drivers,  463,  493 

foundations,  459,  472 

trestles,  reinforced  concrete,  336 
Piles,  bearing,  459 

compacting  soil,  455 

concrete,  468 

length  of,  461 

sand  and  stone,  455 

sawing  off,  466 

spacing  of,  466 

sinking  with  jet,  466 
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Piles,  supporting  capacity,  470 
sheet,  480-483 

timber  for  specifications,  460 
Pipe,  stresses  in,  358 
Plastic  materials,  252 
Plasticity  of  soils,  434 
Pneumatic  caisson,  494,  524 

cylinder,  496 

depths  of,  522 

foundations,  cost  of,  526 

process  described,  494 
Pointing  of  masonry,  36 
Polish  of  stone,  32 
Pont  du  Gard,  8 
Pontoon  for  caisson,  517 
Power,  economic  use  of,  17 
Pozzuolan  cement,  63 
Pre-cast  concrete  units,  106 
Pressure,  distribution  in  earth,  263 

on  dams,  215 

on  retaining  walls,  251 
Proportions   of   concrete   used  in 

practice,  79 
Puddle,  material  for,  483 

Q 

Quantity  of  materials  required,  91 

Quarry  sap,  29 

Quay  wall,  defined,  249 

design  of,  274 
Quicksand,  433 
Quoin,  defined,  35 

R 

Rainbow  arch,  192 
Rankine's  theory,  253 
Raymond  piles,  469 
Rebound  from  cement  gun,  94 
Regolith,  432 

Reinforced  concrete,  cost  of,  136 
historical  development,  5 
nature  of,  108 
notation,  109 

Repose,  angle  of,  275,  374 

Reservoir  walls,  274 

Retaining  grillage,  278 
walls,  analysis,  255 


Retaining  walls,  architectural  treat- 
ment, 280 

cantilever,  270 

cellular,  272 

counterfort,  270 

defined,  249 

design  of,  267 

drainage  of,  266 

economy  of  types,  279 

formulas,  259 

forms,  418 

gravity  sections,  282 

nomenclature,  254 

stability  of,  250,  264 

types,  250 
Re-tempering  mortar,  24 
Rib  shortening  in  arches,  154 
Rip  rap  defined,  34 
Rise  ratio,  selection  of,  140 
Risk,  value  of,  12 
Robinson,  J.  B.  on  design,  19 
Rock  fill  dam,  237 
Roxbury,  school  house  failure,  50 
Rubble  defined,  34 
Ruskin,  John,  on  architecture,  19 

S 

Salmon  river  arch  dam,  232 

Salt,  use  in  depositing  concrete,  95 

effect  of  crystallization,  28 
Sand  bin,  390 

boxes,  430 

hogs,  523 

impurities  in,  69 

p:les,  455 

qualities  for  aggregate,  67 

standard,  70,  542 

tests  of,  69 

torpedo,  67 
Santa  Monica  Pier  failure,  104 
Saskatchewan  arch,  196 
Schneider,  C.  C,  foundation  formula, 
459 

Schwada,  J.  P.,  arch  formula,  144 
Screenings  as  aggregate,  71 
Sea  walls,  246 

Sea  water,  effect  on  concrete,  104 
Semi-fluids,  nature  of,  251,  372 
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Settlement  of  foundations,  434,  451 

Sewer  form,  418 

Sieve  analysis  of  sand,  70 

Silt,  pressure  due  to,  208 

Simplex  piles,  469 

Singer  building,  525 

Sheet  pile  coffer-dam,  479 

piling,  steel  and  timber,  480 
Shores,  temporary  supports,  474 
Shove  joint,  44 

Shrinkage  of  concrete,  102,  123 
Shrinkage  stress,  122,  154 
Silos,  391 

Skin  friction,  values  of,  521 
Slab  bridges,  331 
Slabs,  bridge,  333 

continuous,  119 

moments  and  shears  in,  129 

on  girders,  124 
Slag  as  an  aggregate,  73 
Slag  cement,  62 
Sliding  forms,  419 
Sliding  of  soils,  438 
Slope  walls,  34,  249,  277 
Slump  test,  88 
Slushing,  44 

Smeaton,  John,  inventor  of  cement,  4 
Smith,  L.  C,  Building,  450 
Soils,  bearing  capacity,  434 

causes  of  failure,  436 

classification,  432 

formations,  432 

plasticity  of,  434 

tests  of,  440 

under  caissons,  503 

water  in,  434 

weights  of,  325 
Solid  bed  rock  defined,  433 
Soundings  in  soil,  441 
Spading  concrete,  103 
Spandrels,  design  of,  187 
Specific  gravity  of  stones,  30 
Spread  footings,  445 
Spreaders,  to  be  removed,  417 
Spillways,  236 
Stage  decompression,  534 
Starling  on  pier,  197,  310 
Stereotomy  defined,  33 
Stirrups  in  reinforced  concrete,  114 


Stone  masonry,  arch  culvert,  545 

elements,  24 

second  class,  545 

specifications,  544 
Stonehenge,  ruins  at,  2 
Stones,  classification,  25 
cutting,  33 

destructive  agencies,  26 

properties  of,  26 
Storage  of  cement,  63,  538 
Stresses  in  reinforced  concrete,  133 

in  arch,  147,  159 

in  forms,  424 
Stretchers,  45 
Stucco,  54,  55 

Surface  area  of  aggregates,  86 
finish  of  concrete,  103 
of  stucco,  55 
Surveys  for  bridge  substructure,  319 
Sylvester's  washes,  50 

T 

T-beams,  116 

Talbot,   A.    N.,    on  proportioning 

concrete,  74 
Temperature  stress,  theory,  122 
in  arches,  151 
in  chimneys,  394 
Temperatures  in  concrete,  102 
Tension  in  brick  masonry,  50 
Teredo,  wood  borer,  461 
Terra  cotta,  description,  42 

strength  of,  54 
Test  holes,  441 

loads  on  soils,  440,  443 
Tests  of  cement,  61,  538 
Texture  of  stone,  31 
Thompson  method,  476 
Three-hinged  arches,  centers,  429 

reinforced  concrete,  343 
Through  girders,  reinforced  concrete, 
331 

Tools  for  dressing  stone,  32 
Top  width  of  dams,  221 
Torpedo  sand,  67 
Tower  bridge,  317 
Traction  force  on  substructure,  286, 
304 
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Tremie  described,  92 
Trestle  bents,  reinforced  concrete, 
338 

bridges,  321 
Trial  mixture,  proportioning  by,  81 
Tricalcium  silicate,  60 
Trusses,  reinforced  concrete,  340 

steel  for  arch  centers,  427 
Tunkhannock  viaduct,  195,  427 
Two-wa5'  reinforcement,  448 
Tympanum,  defined,  48 

U 

Underpinning,  475 
Uniformity  of  stone,  31 
University  of  Kansas,  experiments, 
257 

Unsymmetrical  arches,  158,  168 
V 

Vermillion  river  bridge,  188 
Ville  d'Este,  statuary  at,  5 
Viscous  materials,  252 
Vitrification,  described,  42 
Vitruvius,  3,  4 

Void  determination,  proportioning 

by,  81 
Vo'ds  in  aggregates,  65 

W 

Wakefield  piling,  480 
Wales,  spacing  of,  485 
Wall  footings,  446 
forms,  416 


Wall  panels,  132 

War  Department  regulations,  322 
Wash  borings,  441 
Water,  effect  on  strength  of  concrete, 
78 

for  concrete,  87 

jet,  sinking  piles  with,  466 

pressure  of,  207 

pressure  on  piers,  304 

ram  on  breakwaters,  213 

removal  from  foundations,  474 
Waterproofing  concrete,  105 

bridge  floors,  346 

membrane,  389 
Waterway  under  culvert,  349 
Wave  action,  212 
Waves,  kinds,  248 
Web  stresses,  113 
Weepers  in  walls,  267 
Wegmann,  Edward,  on  dams,  222 
Weld,  F.  F.,  formula  for  arch,  143 
Weyrauch's  theory,  253 
Wiers,  236 

Winchester  factory,  127 
Wind  load  on  bridges,  304 

on  dams,  215 
Wing  wall,  angle  of,  288 

function  of,  297 
White,  Canvass,  made  Rosendale 

cement,  5 
Wood  borers,  461 

Woolworth  Building  foundation,  450 
Y 

Yokes  for  columns,  414 
Yolo  by-pass  bridge,  332 


